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SECTION 1

INTRODUCTION

The Air Transport of Radiation (ATR) Code has In 1977, ATR underwent another modification.
been developed under the sponsorship of the De- The effort, sponsored not by DNA but by Ballistic
fense Nuclear Agency (DNA) as its standard Research Laooratory (BRL), accomplished the in-
model of initial radiaton free field dose (kerma stallation of source energy-dependent air-over-
fre9-in-air) from nuclear weapons in uniform ait ground correction factors for neutron and gamma
and air-over-ground geometries. The ATR code radiation. The data from which those correction
is capable of predicting free field dose from factors were derived were calculated under DNA
x-ray, prompt gamma-ray, neutron, neutron- sponsorship and were the results of the first effort
induced (secondary) gamma-ray and fission to apply DOT in the adjoint mode for such a prob-
product gamma-ray components of initial radi- lem, i.e., long ranges in air-over-ground geome-
ation. It makes such predictions with a minimum try. That version of the ATR code is known as
ot user input, thus making it ideal for use by ATR4. 1. Subsequent to the production of ATR4.
weapon effects analysts who are unfamiliar wih it was found that the two-dimensional transport
the detailh of radiation transport methodology. As calculations on which its air-over-ground correc-
such, it has been used to aid in the establishment tion facto,-s were based were performed using a
of targeting doctrine and troop safety exclusion ground moisture lavel significantly oelow normal
radii. Portions of the code have been extracted levels. This caused ATR4.1 to overestimate the
for use as modules in larger codes. The code has neutron dose and overestimate the secondary
also been used to supply radiation environment gamma ray dose in the vicinity of the ground. As
data sets for use in a variety of applications, such a result of this finding, the most accurate applica-
as systems analysis and engagement codes, the tion of ATR, using version 4.1 and those previous,
DNA Effects Manual One (EM-1) and the DNA may be cbtained by using ATR4 for neutron and
Electronic Handbook Series. secondary gamma ray do ie data and ATR4.1 for

prompt and delayed gamma ray dose data.
The development of ATR was begun in 1970 and
continued over the next seven years. A bibliogra- The above paragraphs provide a very brief sum-
phy of ATR-related reports is provided in Table mary of the complex development process of the
1. In its initial form ATR was intended to provide ATR code. A more comprehensive history of that
transport data for prompt radiation components development up to 1977 is contained in Appendix
for sources in uniform air and in the vicinity of the A of this report. From 1977 to the present ATR
air-ground interface. By the time version 4 was has been used by many agencies in its various
released in 1976, the basic code had been ex- versions and has been examined for internal con-
panded to include delayed gamma rays and to sistency and tested a0ainst independent data.
treat sources near the top of the atmosphere, This report describes the results of a program be-
among other. additional capabilities, gun in 1985 to revise ATR based on insights

gained from that collective experience. The pro-
This period of ATR development coincided with gram includes revision or replacement of the fol-
major improvements in the state-of-the-art in ra- lowing portions of ATR:
diation transport codes and cross sections and
the capabilities of computers to cope with large o Uniform Air Transport Data Base
computational tasks. Thus, in 1975 tth entire ATR
data base was replaced with results calculated
using new DNA-sponsored evaluations of nitro-
gen and oxygen cross sections (ATR34. At that
time new corrections to the uniform air data for - Gamma •ay
the proximity of the source to the ground were
also incorporaed. Theee were derived from - Secondary Gamma Ray
DNA-sponsored calculations of fission and 14
MeV neutron sources at heights to 300 meters - Humidity Correction
and ranges to 1500 meters, such problems being
the largest which could be run at that time, o Air-Ground interface Transport Correction
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Table 1. ATR documentation summary.

REPORT CONTENT

SAI-71-565-LJ Paper given at RSIC Workshop on Radiation Transport
November 1971 in Air. Describes logic of code and some data base

development.

DNA23031 First report describing basic concepts of ATR and
May 1972 the first distributed version of the code; describes

neutron and secondary gamma-ray data base genera-
tion. Includes air/ground and exponential air
correction factors.

DNA3144A Users manual for ATR-2 version of the code; does
April 1973 not describe data base generation.

DNA3279T Describes data base generation for photons (prompt
August 1974 gamma rays and x-rays) and the prompt gamma-ray

air/ground correction factors.

DNA3362Z Summary of the capabilities of the ATR code with
August 1974 updates to ATR-2.

DNA3819F Describes ATR-3 including new data base usin' DNA
July 1975 cross section library, new air/ground correction

factors, low energy x-rays, and new REGROUP routine.

DNA4061 Describes TDATR, the time-dependent prompt photon
January 1976 and secondary gamma-ray version of ATR.

DNA3395F Describes fission product model and summarizes total
January 1976 capability of the ATR-4 code.

BRL CR 343 Describes ATR-4.1 with energy-dependent air/ground
August 1977 correction factors. Work supported by BRL.

2



o Delayed Gamma Ray Model 1.2 AIR-GROUND INTERFACE TRANSPCRT
CORRECTION.

SSource ATR versions 3 and 4 contain models for the per-
turbation of spatial dosR distributions near the

Transport air-ground interface based on two-dimensional
discrete ordinate calculations using fission and

0 User Features fusion sources having heights extending to 300
mete;s. The useful horizontal distance limit of

- Air density/humidity Input those data is 1500 m. The simple four-element
ground used in those calculations lacks the trace
elements necessary to accurately depict the sec-

- Fluence-to-dose conversion factors ondary gamma-ray environment, particularly at

short distances, as shown in Figure 4.
In addition the revised version of ATR. which
should be referred to as ATR5. has been exten- ATP4. 1 contains an air/ground perturbation mod-

sively tested against dose measurements made el based on adjoint two-dimensional discrete or-

on a number of atmospheric tests carried out in dinates calculations, which provide the import-
Nevada and the Pacific. ance of each source partici energy group (dose

per source neutron or gamma ray) for producing

1.1 UNIFORM AIR TRANSPORT DATA. free field dose one meter above the ground. The
useful limits of these calculations are approxi-
mately 1000 meters source height and 1200 me-

The models of neutron and gamma-ray transport tery1000imeter source hegh and 1 e-
in uifom, dy ar, ipleente inATR.thrugh ers horizontal distance. These calculations werein uniform. dry air. implemented in ATR. through promdfr8ma etr uoensi

performed for a mean Western European soil
version 4,are based on calclations ucontaining virtually all trace elements of interest.
one-dimensional discrete ordinates methodology but with an abnormally low moisture content. The
Aith SI6 quadrature and muftigroup coupled
cross sections compo3ed of 22 neutron and 18 result was a set of fully source energy-differential

gamma-ray groups with a P3 Legendre polynomi- air-ground correction factors 'or ATR4. 1. but

nammscatteringaypgroximation. S PLeenrepolnom- ones which resulted in the overprediction of neu-nat scattering approximation. Such Ca1culational tron dose and under prediction of secondary
limitations are typical of those necessitated by tndsand under prediction Fisecondary
available computer and data resources at the gamma-ray.
outset of ATR development. Now. more than a
decade later, modern evaluated cross sections The third task in the present program is to devel-
can be used in one-dimensional calculations hay- op and implement a set of air-ground interface
ing an S40 quadrature. a 174 neutron - 38 gamma dose correction factors based on a contempo-
ray group cross section set and a Legendre scat- rary adjoint. two-dimensional discrete ordinates
tering Approximation as high as Pe. Data calcu- calculation which incorporates a 240 angle quad-
lated using such methodology are coplotted with rature, a 37 neutron - 21 gamma-ray group cross
those from ATR4/4.1 for neutrots, secondary section set with P3 Legendre scattering. ex-
gamma ray and prompt gamma ray kerma from tended spatial limits (1000 m vertical 2000 m hor-
a fission weapon source in Figures 1, 2 and 3. izontal) and mean. moist Western European soil.
respectively. The data for transport through dry
air vary between ATR4 and newer methods differ 1.3 DELAYED GAMMA-RAY TRANSPORT.

by twenty percent or more, depending on dis- The delayed (fission product) gamma-ray model
tance. More importantly, significant variations implemented in ATR4/4.1 is an appendrzge having
occur when moisture is added to the atmo- its own transport data set, rather than heing fully
sphere, particularly for neutron kerma. There- integated into ATR. using the same transport

fore, the first task in the program described data sets as the prompt radiation component.
herein is to produce a new uniform air data set Thus. ATR4!4. t does not display a total initial
for transport from ne, tron and gamma-ray gamma-ray dose. but rather A totnl comprised
sources and to parameterize those data for inclu- of prompt and secondary gamma rays and a sep-
sion in ATR. The second task is to develop a data arome tabulation of delayed gamma-ray dose,

set of radiation transport in air of various moisture which must be combined by hand to obtain the
contents on which to base a model of air humidity true total. In addition to this inconvenience, the
effects on free field dose and to implement that dobe calculated using the ATR4/4,1 delayed
model in ATR. gamma-ray model does not agree well ,vith test

3
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FiKgure 5. Neutron kerus frme a fi irn ,qource at 100 meters

bur~st, beioti, A1114.1 and ATR5.
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Figure 6. Secondary gamas ray kerva from a fission source at
.100 meters burst height, ATR4.1 and ATR5.



measurements, as will be described later. codii,- considered necessary for the sake of con-
sistency and historical perspective, was implicit

Task tour of tha. present effort is to revise tre ;n that approach.
delayed radiatvon model, fully integrating it rtc,
the ATR structure, to enable ;t to calculate dcse ý1ter three overlaid revsoi;;is to ATR it wvas de-
fromr fission products of the thiree iiain f-ssie eP- c f<" !,,at the previous anornac7, -iad ePachied a
rmentz. u'- 235, U-238, and Pu- 239, an c'etr ' tcm's ' r! . 'erms of
resulting rrvOdlel ajairlSt reevar~t *v.no est jrý- ! ''n / n -c ~ srtmliwif
.ind results of other caicu~ational mel.ca! ons to ATR are based _-n caic. at~onal resuit.,

derived from much higher quality cross section
1.4 USER FEATURES. representations and sophisticated application of

raldiation transport calculation methods than
In addition to t he obvious need to include provi- ,ncse available in the roast. in addition. parame-
sion for int)it of atmospheric moisture content teirzation of the new data can be accomplished
and weapon fissile components associated with using approaches not tried in the or~ginal roudel.
each Ac:lapon yield fraction., as required by the Therefor3. the philosophy of retention of histori-
ATR modifications described above, a fifth task Call data in ATR has been abandoned in favor of
of this program is to improve input commands simply replacing the present rlata sets with rew
and other user features of the code, such as 11he ones. The command structure cl ATR his been
I luence-to-dose conversion factor !brary. rpecIf- retaiined with a minimum of mod'fcaticns in order
icalty, the input commands are to be modified to to make ATR revision as trar'snarenl 1o the US6r'
include direct specifications of mean air density as Possible. The programming style has been
between source and detector location, kept to a level common to most computers, re-

1.5 ECHNCAL PPROCH.taining the machine-independlent quality of the
1.5 ECHNCAL PPROCH.code. The release of the revised version of the

code. known as ATIR5. s being held in abeyance
The anpproach to accomplishing nreviouS rev;- p~endinq uan additionnI roodificaion to provide
sions of ATR was to maintain a compliete history rpalistic energy- and angle-rif f ere itai I luence At
of the evolution of ATR imbedlded ri tihe code 4- tho air-giound interface iinci!Inal testing. Releasia
self. i, e.. to make the code cApAbio of rpcoroduc- is expected during calendar year 1988.
ing results from all previous versions of the coda
as well as that from the current version for a given The remainder of ttig report describes (SIection
problem. That was achieved either by over~lAying 21 the siioerficia! ivdificAtions to ATR. including
correction factors upon existing modnis or by revised input Commands, onergy grioup) archita9c-
simnly retaining both the new and oid n-'ndels or tiire, internal source spectira, and rluence-
datA sets within the code. The overlay or additive to-dosea conversion factors. (Section 31 the
mouificat ion approach was used pismAriiy hil- reviseild ATR uniform air trarsoort data base,
cause it Am% cir.rid to he rimnieri to parame:fPrze (iprlctior% 41 the revised ATR Air ground interlace
corrections to the OXItinQ dWAt base than to pram Onrturhantioni model, and iectarlic .5) the reviged
meaterize A data bane starting from sr-iatch Fur ATM (IFWIAýd gAmmm-rii, mrodel. including tests
ther. maintenance of previous3 "ritors of the Of thAt moelI agA~nSt 4ievnnt wMArpon test data.
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SECTION 2

ATIR INPLIT FORMAT.AND DEFAULT MODIF!CATIONS

*s sect on descrices !'e mraor suoer4 coal en ATR user could obtatr'!,e cosired average air
cP; -cto:l A :cce as a v-to 'e E?-s:ý.Y tr-taý and error -- g ti-, variat.of Of

-roe.)a e a~e s- S rooierm ara to
-it Jommanads make ATR rnore tiexioie in apo ication. two mode-

iications have been mace to trie colde. First.
* Meteorolc%-gcai Dnata wh~e the standard atrnospereric density profile

Flssie Vter-f Seciýcotin has teen retained witt'n ATR. allowing atmo-
- ~ YarrafScef~ctonsChertc concitons to b~e cormoietely specJfed by

o E'nergy Gro'up Arcnttecture the input of source height. detector height and
ground elevation. those atmnospheric specifi'a-

o rtetnai Source So~ectrum tions can be overridden trrough the use of a new
comtmand card, *MET, Second. the specification

o ;:uence-to-Dose Convers;on Factors of atmospheric conditions thouight the use of the
'MET command can now ýnclude moisture con-

2.1 METEOROLOGICAL DATA INPUT. !arit. The objective of this mo~difcation is to per-
-iit the ATR user tospecify a set of meteorological

s-;ýz-ficaticn of atmocsoreroc conditions ýn parameters to obtain a mean air density and
ATR ý,as been modtfed to pr 'efor cirect nrout no~sture content which exactly corresponds to a
of t*'e rrear% density betweent source anid detector prcbiem of interest.J
an~d for tho rtput of atmcscneric Troisture con-

Pt?. rýev~cusiiv. !he art iensty used n ATR Cal- Th-e format of the input com~mand is:
c,3ncs 4vas scecteld t' bocat;nq nte source
ar deteevor wrnan ot's;~' ensit' po- 'METOi) Va%;es
f.erased on the U.3. Sn;Aý, A~moswrere dýry

a ti Tfrat waisacco, ntpsnee roý s:pcrf ytn giound wfhere the index ideter mn" the meaning of the
Pewsl-on retative !o sria fr, andJ So-rce and oe- spouence of vaI,ýes following the parenthesis. as

* ~; ~r reatie t thegrond.n p rcte. fvtowst

Vau ~Vnius Value

2 TfemperAturg Peiiuro Dow Point TomperaftUre

3 Ofri~ity of Mr,,v Air Wil *, of War -Not Uted

4 Ui'syof Mr).,t A.r Do-ns-ty of WNater Vapor Not Us,*ed

5 tDswitv of Dry Air WIt % of Water Not Used

6 ennsity rtf Dri, Ai( Densib-ty of WAter Vnpor Not U1We



As with past ATR commands, the values may be The equations .ncot poirbted in ATR or the calc~j-
entered in tree format separated oniy by a space. lat ion of atmosphenc density cx)mponents are
Units of inpu*. values are restricted to: provided in Ar.pend'x 8 of this repc'.

Temperature: Degrees Centigrade fO(> vWberi a 'MET commond is encountered in A7P,
tecola caicu~ates a rewo ground ep tion zinr_

Dresssure: Mill-bars ýrnv bay ie Se~~d:

ýs~ NU sr ommand. suht, ý - treA- a -> ,rnt
RelAtiVe Hum'dity: Percent 10Ss.)edS~ h :e~~.o~~~~ie

sooinds to that midwey between source and de-

Density: Grams per cubic centimeter (g. cc) !eclor. This is done to insure trial a realistic
atmiosphiertic density profile emists b3tween

tie F~cmmadisotued.AT~uloatia'- source and detector. The existence of *;ucbh a
Iv determines the average ai;r dersatv between ;)Otlia ýs important, because 'he density, at the

source anid detector locationts as ~n oi'evious ver - sorelctnisudtoARo auaeth
sions of ATA. Also, the moisture content of the frcl ais hc spriett eae ei
air is set to a do edfal value of 0 0 Percent! Celi!;fy ation intiansity.

(dry ir).Thr, revised groond elevation is calculated

Examples of 'MET input cormmands are as fol-usn
lowiis: (-;13800 x In IN i' f 1) Z11¶ ( +

Zd P'2
Example 1. 'MET(1) 10.0 970.0 80.0
Represents atmosphere having a ternoeiature 10 Mr

C. a barometric pressure 0f 970 mb dnd a roel-
tive humidity of *0. he's

Example 2. 'MET(4) 1. 1A89E-3 7 507F-6 9!s ltre ground ervatior Above sees t-verl in
Represents en atmosphere havi;ng a total (mcsftt ~ r

air density CA 1 889 ,I Qý3 g/CC and a water vapopiftenen t esiyi c
density of 7.507 *10 6g/cc and is the equivaientp ste eaardnsytoc
of That atmosph~ere specified in Exaropie 1 11 is thre sea level air dei'tsitýi (1 .225E-03

g CC)
73orre useful relaticonships betwee~n the var~owk
Atmospheric pa(rmbterS Are provided beilow a~vd Z, is the source height mhoie the ground in
may' be rro-tsdiared typical of a range of condi- MOteS
lions to "e found at an "levation of I km ahbovkv

sea~~ lee Z the dotectnt height above the ground
in meoters

Moi~f Air
I.LZImn rnsity (Thxond level cakrulated Using rtsr express.io)n

PiA~ 11"i .~ir2 t c~I ifrw~pit-, to approrxiAto solpmtonqv A-% nope
f-001 t;'1 the U S StanarId Atmotriheiii,. within a

30 r) 9 50 0?E . 1 7 tiw pnrcent for souiro deti'ctnir mean elevation%
ahoveV sea lvOOlO to 5000 meters Inplit Comtbina-

2 S 899 1)0 1 044F 4 to 10tnnn of ot'CAnd dentecotor hotqhtlt And meas~n
mfli ilnsitias which insult ýn grnund elevationi he-

20 899 50 10"0-3 081tlo %son lovedasre not miltneds lievond 10. 000mo-
lorrt th* accuf ay 0f this munaniA5i'n is worse than

15 89 50 I 08E ~30 59 fi fw peicont. bit that is n~ot %ig~ifirant in rolation
15 89 50 1083E.3 0 93it ivi use* in ATA. which is to doletrmmne whether

10 ~ ~~l) I9 103toi 3 0 427 tehe~ttuhsteUoir

2.2 rISSILE MATERIAL PPECIFICATION.
8,199 W I 1 24E.1 0 103

¶;.ctio~n '~of this reopoirt daescrihes revisions mdad
0 0/19 SO I 14')F 1 0 21? in thoo A TR (lelayeri r~r(tiAtion mo(IP4 Fofrmerly, All

12



lission product radie-iori was based on pohoton Example 2. *FP-V 1000
emission from the fission prcductS of a single fis- *FP-F 0.70
silo material, U-235. However, as will be de- *FP-l 0.05 0.95 0 0
scrated later in this report. the model h'as been Represents a total weapon. yield of 1000 kt (one
re'vise"c to accommodate delayed photon emis- megat3n) of whicl-t 70'10 is produced by fission.
sion from the fission pirodýýcts 6~ three fissile ma- 5% from 0.-235 slid 95% from U-238.
teriais. U-235, U-23ý8, tnd Puj-21.9 The inciision
of such. opt~io s imor'ort-,nt t~eca~uce. ovýer rnuch As stated eafiar, M tis ro.' szn of ATR has rinte-
of the tirn re~ie of nrierest to rn~rial radiation., grated the delayed radiavoir' computavon into the

the pt>hotcn energy ertv*wo' rate or U-238 is code. Thus, delayed radiation cdose is now in
double th~at of U-235, which in ti.:n is twenty-five cluded automatically as all ort part of the output
per..:et more than that of Pu.-239. resulting from this following commands:

0DOSEiFPI
The q~uantity reqvired for spec~fying the contribu-
tioni of eech nu',fide to the delayed p~mma-ray which specifies !he fission product dose ver-
tree fieid is the yield or the fraciton of the total sus running geometry coordinate
y~ield due to the fission of each n'uclide. The com-
mand used to &ccon'piish the :nput of these *DOSEIGC3i
quantities is the *FP comm'and. Fr-mneirly. speci-
fIcation of the fission product source require up which specifies the total gamma ray dose
to two input statements: vefsi's ruitining geometry coordinate.

*DOSE/ T/
'FP-Y value,

wh~ich spei'ios the total neutron plus gain-
,~hch pecf ld te ft~Iyi~e~veie. ~, uilf~igma-ray dose srgsus runnion geometry coor-

However, as of this time the *PRIlNT and *WRITE
,-P-F value, commiand have not been modifited to include 'is-

sion product gamma ray output, The primary rea-
whic speifid th frat~o ci ~ to atyiou -on for this is that full incorporation of thatwhic spcifed he facton f V totl yoiddue cocnponer" would require calculation of time-in-

to huiion, in tho event the ¼rP-F co-rman1 wAs tegrftf. angle-dfifferential flux. This cannot be
omitted a value of 1 .0 was adopteld 3 the default readity acco,'nip4ished in thle orie-dimensional 'or-

value.mat common tn the other radiation components
bec'ause the ltss.,in product source cooes not re-

As -owev',' a third ' P Inp commfinir,4 hAs bewn main fi~ved at ihe jo gial bu.rst tocation but rather
included. as follows: rises with the Ascending fireball Incoiporation of

fission pirrduct gamma ray!% into th*- *PRINT and
"WRI4TE commands is exin-cted to occur when

'rP-l values.
ATR is inocfiad to Liroduce I luence data in a
two (fmarisionial formAt That m-odifirdimon is part

whiich %pr,f"iem the resetefsfn~Ctt'~f¶ of thes oN~oing prrjngrn to modify AMR to ioccount

?.ori Y;ielr due to Ui-235. U- .X,8 aind Pu 239 fotsion. for enesrgy. and anqlea ditfareritiod fiuences rertur-
IN THAT fPD[R. Omission of the 'F P-i rovimAnd bations At the air-ground intirf ace. as mentioned
rioilults in Ui 235 holsion by default. Fxampwas of pf'CviOUS11,
revissd finiiion product source inpu (-ommands
Are as flolows, 2.3 ENERGY GROUP ARCH4ITECTURE.

NO eneirgy boundaries of the multt gr oup. neutron
Example 1, 'FP-Y 21 And gamma-iray fluenre modeled in ATR have

'FP-F I 0M been chilnrged. altfhotjh he22 riftutronf tO gAM-
'FP 1 00 02 0 P m ay gi'a-vgplfor rnafhasht~enre tainad The now

kopiresents is total weapoltn yiel rof 21 111, 100% group Structur* is the compatible with all mallay
of which resvilts from hissi~on, 20% U-1.38 and C1 a-Ss setion Seots sponsored by the Defense Nu-
80% Pu-?19. clear Agency,' those itirlud" the DNA Few-Giroup
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Cro-SS se)cticin Set (DLC-31)(Ref.4). the revised o Soft Tissue Kerma -Kinetic energy of
DNA Few-Group set now being tested charged pariticies releas3d n soft :issieaZl
ULC- 1 '0 fPat. 51 l. and Vitamin E f Ret. 60). The by ionizing raddiailcn T his o~antity is used

new ATR ene~rgy bounds t'-r neutrons and gamm-a to calculate free 'e1 tissue close and re-
rays ario pr ov~iea in Tables 2 and 3, reOtvh iaces both the soft !t!s-,e ilerrra and
A~ong with) 'hone of CLC-31 and :L2,- 130 vc~e -'enderson lose con ersc ,iac~ors ýn

>' _0~ SIns ;3rnrna (ay erle-V g'ý. .,.,, ~ous ,r js Te - rso
3 "e Sec A>- S 12 Iýo, qip p -rer t ~ icsp. rnnve'scon hvý: : ýPs r- 6'' ii

of iC~ 11 ; s 14 MeV. Tnat crhange *as manle ,o *-r a four filrent! 1ss-.e -.,) 'w on-
provide a more realistic ditferential spctrum lered obsolete.
(photons. MeV) in 'he highest energy gamma ray
W~oup. since the highest energy' gamma ray to o Mio-head and Mid-phantomn Dose - Rlu-
be encountered ir sir-ground transport is that of ence-to-solt tissue dose convYersion fac-

10 8 Mov. produced by n6utron capture in nitro- !ors which incltudc the effect of
gen. transmission into the midJ-heed arid

mid-torso locations in a 7/0 ýr anthropo-
2.4 INTERNAL SOURCE SPECTRA. morphic phantom.

The ttource spectra tradilionally contained in ATP, K r o

unclassified fiss;con and thermonuclear weapon 0~cne em ei ng
nvutron spectra originally devetooed by W Big- charged particles relec -,ed in c~oncrete by

gers of Los Alamos National Laboratory. and the oigrda~n
1)"eniec prompt gamma-ray source spectrum
tiave been regro~ped into the nt~w energy bouinds o Dry Air Kerma - Kinetic energy o4 charged
described above. Tholse sources, accessible in p~articles released in dry air by ionizing rn-
ATrR through the *Z-SOURGE command, are pro- diatfon Dry Air Ketma in units of rads
.Aded in Taoies 4 ana 5 for neutrons and gamma May be 7~onvefted to units of roentgens
rays. respectively, by dividing Ithe rad vnaes t 0 37

2.5 FLUENCE-TO-DOSE CONVERSION
FATOS.0 Non-loniz~ng Silicon KerrniA - Kinetic ener-

gy rekleased in silicon Crti 5tll by neutrons

The most fro' iuenuly us#ed portion of the output whriacha5 associated itha crpist-ine otruc-
!ir)m~ an ATR calculation is that which providei to- tr hne fte hncetno e

Filertrons.
tnI lOse.o i"rma. Or A -IMilhr intogral Quantity As
a function of rangea New Ilulance-to-dose conv~r-
9,on facto-rs have bean incoriporATed in ATP n an c I M-nV Equivalent DnmaQe F~trinoca - Thn
iisifort to roores completely !tAtisfy dmverse u-;#r fliuerrCC Of I MOV' neutron itat~q rnAi(-,r
neirids. :eamAge neuitron,. havinQ a mioan sner(;y

)f Anpr)ýxmnatly t MaVi rpqiwroo to prot-

TMahtesi 8 And 7 isf Itt' ro~ised AYR t~u- dure the sames Amount of non-tonzing -

erici-to-dose conversion factors fo nowrerons diio~n Korma)-related riarrnage
anid gar~mma rays respefictively. t /energy grrfiip

,rflritia ion (j5iifl in lr Appendie th-r A gnd( ofi Iic
n omnizoing -Wic-n (',rman tivrietic eowii an

01pof I. brief sumniarist, of which aRe lirivioiiedi 'Jrn p i~iif t~ ~ ~arnrna rays inthefrmi of eiac-un0 hole i-.'

o~ Al'7f ctandarid Do%* , For the CAiciuiation
cf Hu;man Dose Fquivaler'. i a . Orauim Thin~' command wic~litaus AMP to calcul1atve

t~latr-e.hedr so fhete valowi And toiplay values for all tho ab~ove (Iosei rluanti-
Are roe4rvant to radiation rwofeto-tn And ties In w~ddt ion the "F1 UXWT C'ommand allowsl
fiii r t orig term itinvlst, tir'ih All i Am nr, fth ii-to to rin V0 toy in up "i S saf% nf 1gitrt1tiriiil flit

has no krnown relevance to early alter tw Tho ,, -it t of fluence-to-dosea fActors~ "fntee d
sutch As pfrodronal iyncornom 04 Anidy 0n the revised ATP via the riuO~WTrconmmand
mnortillity. ovdi l~tidi'urt integral values iltiptAynd As Iwart of
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Table 2. ATR detector energy group boundaries for neutrons (MeV) with
DLC-31 and DLC-130 group boundaries for comparison.

ATR5 DLC-31 DLC-130
Lower Upper Lower Upper Lower Upper

Group Energy Energy Group Energy Energy 912u2 Energy Energy

1 1.0-1 -4.14 -071 1. 41.00(:-11 4 414 -07 1. 1.00 -0171 - 4.14 (0
2. 4.14 -07 1.3 -06 .4.14 -07 1.13 -06 2. 4.14 -07 1.13(-00
3. 1.13 - 3,06 -06 3. 1.13 -06 3.06 -06 3. 1.13 -06 3.06(-o6

4. 3.06 -06 1.07 -05 4. 3.6 -06 1.07 -05 4. 3.06 -06 1.07 -05
5. 1.07 -05 - 2.90 -05 5. 1.07 -05 2.90 -05 5. 1.07 -05 - 2.90 -05
6. 2.90 -05 - 1.01 -04 6. 2.90 -05 1.01 -04 6. 2.90 -05 - 1.01 -04
7. 1.01 -04 - 1.23 -03 7. 1.01 -04 5.83 -03 7. 1.01 -04 - 2.75 -03

8. 2.75 -03 - 5.83 -031

8. 5.83 -03 - 1.23 -03 9. 5.83 -03 - 1.23 -03
8. 1.23(-03)- 2.19(-02) 9. 1.23 -03- 3.35 -03 10. 1.23 -03 3.35 -03

10. 3.35 -03 1.03 -02 11. 3.35 -03 - 1.03 -02
11. 1.03 -02 2.19 -02 12. 1.03 -02 - 2.19 -02

9. 2.19(-02) - 1.11(-01) 12. 2.19 -02 - 2.48 -02 13. 2.19 -02 - 2.48 -02
13. 2.48 -02 - 5.25 -02 14. 2.48 -02 - 3.43 -02

15. 3.43 -02 - 5.25 -02
14. 5.25(-02) - 1.11 (-01) 16. 5.25 -02 - 1.11M-01

10. 1.11(-01) - 1.58(-01) 15. 1.11 (-01) 1.58 (-01) 17. 1.11 -01 - 1.58 -01
11. 1.58 (-01) 5.50 (-01) 16M 1.58 (-01) - 5.50(-01) 18. 1.58 -01 - 2.47 --01

19. 2.47 -01 - 3.68 -01
20. 3.88 -01 - 5.'50 -01

12. 5.50(-01) - 1.11(+00) 17. 5.50(-01) - 1.11(+00) 21. 5.50 -01 - 6.39 -01
22. 8.39 -01 7.43 -01
23. 7.43 -01 ;8.21 -01
24. 8.21 -01 9.62 -01
25. 9.62 -01 1.11 +00

13. 1.11(÷00) - 1.83(+00) 18. 1.11(+00) - i.83(+00) 26. 1.11 +00 - 1.42 +00'
27. 1.42 +00 -1.83 +00

14. 1.83.+00 - 2.31+00) . 1.83+00 - 2.31 +00 28. 1.83 +00 - 2.31 +00
15. 2.31 0 3.01(+00) 20. 2.31 ÷000 2.39 +00 30. 2.31 +00 - 2.39 +00

21. 2.39 +00 3.01 +00 31. 2.39 3.21 +00
16. 3.01(+00) - 4.07 +00) 22. 3.01 +00 - 4.07 +00 32. 3.01 '+00 4.07 +00
17. 4.07(+00) -4.97(+00) 23. 4.07 +00 -4.72 +00 33. 4.07 +00 4.72 +00

24. 4.72 +00- 4.07 +00 34. 4.72 +00 4.97 +00
18. 4.97(+00)-( 6.38(+00) 25. 4.97 +00- 6.38 +00 35. 4.97 +00 6.38 +00
19. 8.38 (+00) 8.19+00 26. 6.38 +00 7.41 +00 36. 6.38 ,30 7.41 +00

27. 7.41 +00 8.19 +00 37. 7.41 +UO - 8.19 +00
20. 8.19(+00) 1.00(+01) 28. 8.19 +00 9.05 +00 37. 8.19.,00 9.05 +00

29. 9.05 +00 1.00 +01 38. 9.05 +00 - 1.00 +01
21. 1.00(+01) - 1.22(+01) 30. 1.00 +01- 1.11 +01 39. 1.00 +01 - 1.11 +01

31. 1.11 +01 1.22 +01 40. 1.11(+01 1.22'+01
22. 1.22(+01) - 1.49(+01) 32. 1.22 +01 *1.28 +01 41. 1.22(+01 - 1.25 +01

33. 1.28 +01 1.38 +01 42. 1.25(+01 1.38 +01
34. 1.38 +01 1.42 +01 43. 1.38(+01- 1.42 +01
35. 1.42 +01 1.49 +01 44. 1.42( +01 1.49 +01

36. 1.49(+01) - 1.69 +01/ 45. 1.49(+011 - 1.69 (+01"
37. 1.69(+01) 1.96 (+01 46. 1.69 +01) 1.96 (+01
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Table 3. AT ource and detector energy group boundaries for prompt
gamm ras, nd etetorenergy group boundaries for secondary

gama rys ,Me) wthDLC-31 and DLC-130 group boundaries for

ATR DLC-31 DLC-130
Lower Upper Lower Upper Lower Upper

Group Energy Ener&y Group Energy Energy C-opEnergy Energy

1. 1.00(-02) -4.50(-W0) 1. 1.0 0 - 2.00 -02 1. 1.000 -02 - 2.(00-0
2. 2.00-02 - 3.00 -02 2. 2.0 0 - 3.0 0

3. 30 0 - 4.50 -02 3. 3.0 -02 - 4.5 0
2. 4.50(-02) - 1.00(-0l) 4. 4.50 -02 - 7.00 -02 4. 4.50 -02 - 7. 0'0 -

S. 7.00 -02 - 1.00 -01 5. 7.00 -02 - 1.00 -01
3. 1.0-01). 1.50-1 .. 00 1.5 -01 .100 -01 3 1.0 -01

4. 1.5-1 -300 -01 7..0-01 3 3.00 -01 71.50 -01 30-1
5. 3.00 -01) 4.150 -01 8. 3.00-01 -4.50 01 8. 3.00 -01 -4.50 -01
6. 4.50 -01) 7.00 -01 9. 4.50 -01 -7.00 -01 9. 4.50 -01 -7.00 -01
7. 7.00 -01 -1.00 +00 10. 7.00 -01 -1.00 +00 10.* 7.*00 -01 - 1.00 +00
8. 1.00 +00 - 1.50 +00 11. 1.00 +00 - 1.50 +00 11. 1.00 +00 - 1.50 +00
9. 1.50 +00 -2:.00O+00 12. 1.50 +00 -2.00 +00 12. 1.50.+00 -2.00 +00

10. 2.00 +00 -2.5 +00 13. 2.0 +WO00 - 2.50 +00 13. 2.00 +00 - 2.50 +00
11. 2.50 +00 -3. 00.00 14. 2.5 -0 -3.00.+00 14. 2.50.+00 - 3.00 +00
12. 3.00.+00 -4.00 .00 15:.3.00.00 - 4.00.+00 15. 3.00.+00 - 4.00.000
13. 4.00 +00 -5.600+00 16.4.00+ 00 - 5.00.+00 18. 4.00 +00 - 5.00 +00
14. 5.00 +00 -6.'00 +00 17. 5.00 +00 -86.00 +00 17. 5.00 +00 -86.00 +00
15. 8.00 +00 - 7.00 ~+00 18. 6.00+00 - 7.00 +00 18. 8.00 +00 - 7.00 +00
18. 7.00.+00 - 8.00(+00 19. 7.00 +00 - 8.00 +00ý 19. 7.00.+00 - 8.00 +00
17. 8.00 +00 - 1.00(+01 20. 8.00 +00 - 1.00 +01~ 20. 8.00 +00 - 1.00 +01
18. 1.00 +01 - 1.20 +i01 21. 1.00 +01 - 1.40 +01) 21. 1.00 +01 - 1.2 0

22. 1.2.0 +01 - 1.4'0 .+011
23. 1.40 +01 - 2.00 +01
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Table 4. Energy distributions for ATR5 neutron sources.

Fission Weapon Thermonuclear
Energy Boundaries *N-SOURCE(l) *N-SOURCE(2)

Group (MeV) (Fraction in Group) (Fraction in Group)

1 1.07(-5) - 2.90(-5) 0.0 0.0
2 2.90(-5) - 1.01(-4) 0.0 0.00200
3 1.01(-4) - 1.23(-3) 0.0 0.05719

4 1.23(-3) - 2.19(-2) 0.01649 0.34417
5 2.19(-2) - 1.11(-1) 0.20617 0.10964
6 0.111 - 0.158 0.01799 0.01142

7 0.158 - 0.550 0.15129 0.09058
8 0.550 - 1.11 0.21587 0.08500
9 1.11 - 1.83 0.14678 0.06200

10 1.83 - 2.3i 0.10173 0.02592

11 2.31 - 3.01 0.03871 0.02608

12 3.01 - 4.07 0.05480 0.02600
13 4.07 - 4.97 0.01177 0.01700
14 4.97 - 6.36 0.01832 0.01800

15 6.38 - 8.19 0.01274 0.01470

16 8.19 - 10.0 0.00734 0.01410

17 10.0 - 12.2 0.0 0.02560
18 12.2 - 15.0 0.0 0.07060
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Table 5. Energy distribution for the ATR5 prompt
fission gamma-ray source.

Prompt Fission
Energy Boindaries *G-SOLRCE(I)

Group (MeV) (Fraction in Group)

1 0.01 - 0.045 0.03259

2 0.045 - 0.10 0.01644

3 0.10 - 0.15 0.04881

4 0.15 - 0.30 0.10321

5 0.30 - 0.45 0.13571

6 0.45 - 0.70 0.20256

7 0.70 - 1.00 0.16332

8 1.0 - 1.5 0.14073

9 1.5 - 2.0 0.0642N

10 2.0 - 2.5 0.03743

11 2.5 - 3.0 0.02225

12 3.0 - 4.0 0.02109

13 4.0 - 5.0 0.00746

14 5.0 - 6.0 0.00265

15 6.0 - 7.0 0.00092

16 7.0 - 8.0 0.00038

17 8.0 - 10.0 0.00016

18 10.0 - 12.0 0.0
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the *DOSE output. Previously, the ATR user could tries through the use of summary tables which
only obtain access to the results of FLUXWT en- are pair of the *PRINT command output.
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SECTION 3

UNIFORM AIR TRANSPORT DATA BASE

Modification of ATR has included the replacement neutron cross sections is comorined of nearly
of the soUrce detector energ,,-ctfperenttj irans- eýcuai lethargy increments from 2o MeV tO 0 1 eV

port data modules for neutrons secondary gain- wvth one additional group below 0 eV. The con-
ma rays and prompt gamma rays. Angular version to ATR 22 neutron - la -ramma-ray group
fluence data have also been modified to be con- format was accomplished by . •tilating source
sistent with the scalar fluence information. values for all VITAMIN-E groups constituent to a

specified ATR source group. such thit the sum

3.1 DATA BASE CALCULATION. of the sources was one particle, performing the
transport calculation in uniform air using the full

The transport data base for the ATR model is VITAMIN-E group structure and summing fluence

comprised of downscatter spectra in 22 neutron data within ATR energy bounds. The in-group

and 18 gamma-ray fluence energy groups from source weighting for gamma-ray source groups
18 neutron and 18 gamma-ray source groups. was based on a lIE source shape. The in-group

These data have been produced using the ANISN, source weighting for neutrons was based on the

one-dimensional, discrete ordinates transport ATR internal thermonuclear source spectrum in

code (Ref.20). Calculations have been per- DLC-31 format (37 neutron groups)

formed using an S4 0 Gaussian quadrature and The calculations were carried out in spherical ge-
cross sections from the VITAMIN-E coupled Sometry to an optical depth of 550 grams/cm2 of

neutron-gamma-ray Library having a P5 Legendre oer oa pia et f50gasc 2 o
scatterin-gappromimatry ionrfryneutronsaLnd Pfre moist air as specified in Table 8. having a densityscattering approximation for neutrons and PS for of .•

of:gamma rays.
1.115 10-3 g/cc dry air

The VITAMIN-E cross section Ibrary has a format
consisting of coupled neutron-gamma-ray multi- 6.330 10-8 gicc water vapor
group data in 174 neutron and 38 gamma-ray en-
ergy groups. The energy structure of VITAMIN-E 1. 121 10-3 g/cc total moist air

A

Table 8. Data base moist air element specifications.

H WatMer 6 31 7F 02 4.23F -07

O - Water 5 012F 01 2.117E-07

O Air 2 302E.0t 9.721E 06

N Air 7 514E,01 3.625E-05

Ar Air t 283E+00 2.170E-07
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Thus, the calculations extended to a radius of ap- adding still another layer of modifications would
proximately 5 km. Only the data to 500 gram/cc increase the running time of the code, further
(approximately 4.5 km) were used to establish complicate its already complicated internal struc-
the data base for ATR. in order to allow foi pertur- ture, and possibly provide an unreliable fit to the
bations caused by the vacuum at the outer data. Thus, it was decided to fit the one-
boundary of the calculation. dimensional transport data base starting from

scratch in the current revision o; ATR.
3.2 DATA BASE PARAMETERIZATION.

The approach to data parameterization in the cur-
It would be possible to create an air transport rent revision of ATR is changed from that used
model simply by saving and performing interpola- in previous versions. Because the primary quanti-
tion operations on a complete set of differential ty used in ATR for calculation of range-devendent
fluence data from one-dimensional discrete ordi- dose or kerma is energy-differential fluence,
nate calculations. However, such a system would there was no particular reason to fit the total flu-
be very large and unwieldy. Similarly, those data ence separately, except for the sake of conve-
could be fit with high order polynomial functions. nience. Thus, the approach was taken to directly
Again, the size of the coefficient data array would parameterize energy-differential fluence as a
be very large, function of distance.

The modeling approach used in ATR is to use eff i- As revised. ATR computes energy-differential flu-
cient functional forms to fit the data base and to ence using two models. First, the code calculates
separate variable relationships so that a minimum the uncollided, energy-differential fluence using
number of computations have to be performed the total cross section applicable to each source
to reconstruct the required fluence data. Pre- energy group. Second, the code computes the
vious versiont of ATR have incorporated separate scattered fluence contributihn. The model used
functional fits of total fluence. energy-differential to fit scattered fluence data, including in-source
fluencri, and angle-differential fluence data. This group scatter, is based on the fact that the func-
approach was taken because the total fluence tion
was easily fit with few coefficients, while the dif-
ferential fluence models could be based on data Function = F(;ar) x (e-lr) / r2  (2)
normalized to total fluence. That approach al-
lowed energy- and angle-differential models to be where r is distance.

constructed at specific distances, with interpola- A. is the inverse relaxation length, aftd
lion to intermediate distances, rather than As
continuous functions of energy. F(1pr) is a polynomial.

The functional form used in previous versions of which is often used to approximate ths variation
ATR to fit the data as described above is a poly- of kerma o, fluence with distance, taKeS the form
nomiol series compri.ted of haif-integer and loga- of a Taylor series on r with powers in half-integer
rithmic terms, known as Webster Functions. Even steps.
though these functions provided gr.eat flexibility
in fitting complex data, it was found that the dif- It was found that a series truncated at powers of
ferential dAta could not be adequately fit with one t 3. including twelve functional terms awd a con-
polynomial series, However, it wrs discovered stant. could reproduce the energy- differential
that the ratios between the first orcier functional fluence data with great accuracy within one or
fit and the data lIself were more amenalle to the two percent at each !.3cation. Through multiple
fitting procedure. Thusprevious versions of ATR trials a subset of six terms of the original thirteen
contain one or two iterative correction routines was found which could reproduce the data nearly
to improve the quality of the fit. Likewoe, when as well, certainly within the ± 5 percent limits
revisions have been made to the code, additional which were the target criteria. Thus, a software
corrective layers have been applied rather than System wts aevised which performed a least
refitting the data base from scratch. squares fit to all possible combinations of six of

the available thirteen terms, and provided the re-
There has been one previous major revision to suits, in terms of the resulting coefficients, in or-
the ATfl data base, at which time the original data der of descending coefficient of determination
were modified to reproduce a set computed u,3- value. Top combinations of coefficients were ten-
ing Improved cross sections. It was decided Ihat tatively chosen for Inclusion in the system. In

23



those cases where sev6ral combinations were WeightPercent
ranked as having equal values (to seven signifi-
cant figures) of the coefficient of determination, 0.0(Moisture content default if no
that combinatiorn providing the maximumn sum of moisture specification is input)k
all partial correlation coefficients was chosen.
The sets of coefficients were then individually 0. 1
tested to insure that each reoreduced its 1ata set
to -5 percent or oetter at almost ail locations 0.2

0.4t

Examples of fit fluence plotted together with the 0.5645(ATR5 Uniform Air Data
data from which they were derived are presented Base)
in Figures 7, 8 and 9 for neutron. secondary gim-
ma ray and prompt gamma ray kerma, respec- 0.8
lively, from a fission source.

1.2

The angular "luetice pdrameterizatlon was re-1.

tamned from ATR 4. 2.0

The calculations provided tissue kerma as a func-
3.3 TRANSPORT PER rURBATION BY AIR tion of distance from each of 37 neutron and 21

MOISTURE VARIATION. gamma ray source energy groups. These wete
collapsed into the 18 neutron. 18 gamma ray
group source energy structure of ATR5 using the

The tmophee isnomnaly cnsidredto on- thermonuiclear source shape for neutrons aind
Then ntrrospe, ois nomandargon indsiclendin toro- secondary gamma rays and inverse energy for

tiinrivige, oygco an aron n deceningor- gamnma rays. as described in section 3 2. The re-
der of ahundance. wvith the last mentioned being stilts for each source energy were 'itted AS A
present at levels only a little over a percent of the fucinoopcadet srtooferaac-

tota mas Th aron s imortnt auseof ts ated for A particular mois'ure content and that
large photoelectric cross section which helps acltdfrteAR dt ae sapidi

caruot crecto faor tas expresA bsed As aple iunc
mat'e ~ teamophere opaque to photons below ATR5. the neturnt logarithm of the moisture con-arnproyirnatel,, 30 loirV Those three constitue~nt[S titcreto atrwsepesda umal' up he o-caleddry tmosher. whch ion of ontical depth using the RAMeS polynomial

hsslon hen te sandrd or se n rdiaion form used to fit the Uniform Air fltuenCR data base.
transpo~prt calcuiaittions. However. the mtmnqptre h nm h oynma ensi alPnee

a~oconstains moisture in amounts which v'
vr nowr~r siteps f~rom a negative three to A Positive

i0 v`1 tme.c rasngi ang fro halfewtnh of, ay percent thrine Triais were run to determine the minimum
the tmosherenumber of coefficients required to fit the ratiostor,;Pmochtas tne atnd aher halferil y wontight

toseietl generall containecetsC~~c.Thi n
utoA few tonohih of pnirr-t~t hv'. driogn atoms by hnlv ecntacrc hs euptotrr-nned thast fouir tern.,; riltiis a ronstant) were

wneight or i,p to ini; siiifom thn thii percent by nuim r raguireri to fit the neutronisint secoir'rfry (JArMMA

rny danta, while ont- throsi terms; pIlus A Consltalnt)
write r egijired to f it the qnrntiri raiy rIAfA As in
ttia c-ase of the uniform Air flr enr-eis wh'ilea each

As described in section ? I1 ATP5 has- been (given fit constistS of four or tive trmini theoy are not noc-
the rCApAhiity to accept atmostpheric huimidity as f-qi'rily the Wame four or live termsli for -oach
A metinorological variable Tbs- morpt~ility r% basert 'muuiurce en'ergy
on scaling factors which have bt,4en incorpormted
into ATn5 Thoise scaling factors havo been ('A- Mostiureo correctionq in the form o~f Irprma ralios
vieloped from A s"t of ai firint ANISN. one ditirnen- for variousn r. ioisi ir-otnsaeieitert ig
niorinl rIAniporl catlculations.i porlfr-rmfd to a dtry witr e 10. 1t 1And 1 2 for finnion niisitinni aii mid f~-
air optical de~pth of 5~5 gram per vjuaro cosntimne- ondary gamTma rays aind fusion neutrons.
ter, using DLCG31 cross nosectionsi IS)40. F11t. hay- rnstpectivoly It shoujld, hel noted thAt, Asl argonneq
toga moistureli contents AS follows' has littleq esffect on t1hes transport of neuitrons.
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moisture has little effect on the transport of crease the distance from the source at which
source gamma rays. However, moisture has a such gamma rays are produced. This increases
considerable effect on the transport of neutrons. the gamma ray kerma at short distances, as
The nature of this effect is to strip the low energy shown in Figure 11. At very large distances the
(less than 1 MeV) neutrons from the transported effect becomes less important because the
spectrum. A fission weapon source contains a source becomes more and more equivalent to
large number of such neutrons. Hence. its trans- a point, regardless of where the gamma rays
port is significantly effected initially, much more were produced.
so than the fusion source. After its initial loss of
low energy source neutrcns, the transported fis- Note that the moisture transport correction used
sion spectrum stabilizes, aided by the oxygen in ATR5 is based on ratios of kerma for each
cross secticn minimum at approximately 2.3 source energy and is not detector energy -
MeV. dependent. Thus, the spectrum is unchanged

from that contained in the data base which con-
The prompt gamma rays and secondary gamma tains approximately 0.6% moisture by weight.
rays from fusion neutrons are essentially unaf- This corresponds to a relative humidity of approx-
fected by atmospheric moisture. However, the imately 50% on a cool day (15"c) and is typical
effect of increasing moisture on secondary gain- of conditions which are to be found in central Eu-
ma rays from a fission neutron source is to de- rope in the spring (Ref. 40).
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SECTION 4

AIR-GROUND INTERFACE PERTURBATION MODEL

Radiation is scattered and absorbed in the qrourd sentative of that contained tv mid-European and
to a different extent tran in ar. Thus, the cres- United States scils under mnoierate weather con-

ence of the air-ground interface causes radiatcon ditions (Ref. 6). The elemental constituents and
fluences to be perturbed in energy and angle density data for the ground and atmosphere used
from those which would otherwise exist at the in the calculations are shown in Table 9. The at-

same distance from the source in uniform air. At mosphere has a graded density based on a mod-

the present time, the ATR code does not correct el of spring conditions in central Europe, as
the differential fluence for the presence of the shown in Figure 13.
ground. Rather, it corrects the free field tissue

kerma, an integral quantity, based on ratios of The calculations were performed using the DOT

two-dimensional calculations with and without the two-dimensional discrete ordinates transport
ground. code (Ref. 25) with a tissue kerma adjoint

source, the 37 neutron, 21 gamma ray group

It is important to note that differential fluences DLC-31 cross section set with P 3 legendry scat-

produced by ATR for detector locations near the tering in a S 8 quadrature set modified to S40 in
air-ground interface are those for uniform air. ad- the oolar direction to minimize streaming along
justed by scalar mu!tipliers, which are functions discrete quadrature angles (ray effects). Calcu-
of sourca energy, horizontal distance and burst lations were performed to a usable source height
height, in order to obtain the correct free field tis- of 1000 meters and a usab!e horizontal distance

sue kerma. Values for all remaining kerma or of 2000 meters. As an additional precaution
dose quantities are obtained in ATR by aoplying against the effects of quadrature streaming, the
the fluence-to-dose conversion factors described uniform air calculations used to develop the cor-
previously to the adjusted uniform air fluence. reclion factors were also cerformed using the

DOT code with an identical atmosphere profile
The first correction factors placed in ATR to ac- mirrored at the location of the air ground inter-
count for the presence of the Air-ground inter- face.
face were based on the French-Mooney first-last

collision estimation method (Ref. 24), normalized The results of the calculations, as ratios of the
to the two-dimensional calculations of Straker air-ground to uniform air kerma for a fission
(Ref. 53). which pertained to a neutron source source are shown in Figures 14. 15 and 16 for
at a height of 50 3et. The next improvement was neutrons, secondary gamma rays and prompt
based on the e8,tensive two-dimensional calcula- gamma rays, respectively. Equivalent data for fu-

tions of Pace (Ref. 44). which provided data for sion 112.2 to 14.9 MeV) neutrons are given for

source heights to 300 meters, although the neutron and secondary gamma ray kerma, re-
source data were lirrited to fssion and fusion spectively, in Figures 17 and 18. The data are
spectra. The most recent improvement prior to very well behaved except within a forty-five de-
the current elort userO the resuits of awl o int gree cone below the source. Beyond that inner

two-dimensional calci. itions ratioed to one- region it is clear that the relationship between
dimensional results to c')tain a full, source ener- ground-perturbed and uniform air transport is lin-

gy-dependent array of ýdlustment factors (Ref. ear with respect to source height and horizontal
26). However, these data suffered from the fnct distance. This fact has heen used to extrapolate
that the ground used in the two-dimensional cal- the results of these calculations to greater dis-

culations was unrealistically dry, causing the neu- lances. Within the forty-five degree cone. the re-
tron and secondary gamma ray dose immediately lat'onship between the uniform air and

above the ground to be unrealistic as well. air-over-ground results is irregular, probably indi-
cating instabilities in the calculation of the latter

The air-over-ground transport correrctionn devel- case. The irregularities do decrease with incras-
oped for use in thecurrent update of ATR are also ing burst height. Also, they were more pro-
based on two-dimensional adjoibt calcunatrons, nouced when kerma ratios were taken whth
performed two-dimen wsih a credible amount respect to ANISN (oe-raimeniosnAl) rather than
ground moisture, 13% by weight, .which is repre- DOT (two-dimensional) calculation results.
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Table 9. Air and ground elemental constituents (weight %).

Dry Air Constituents
Dry

Ground Level 1 Level 2 Level 3
Elements Constituents 0-400m 400-800m 800-1100m

H 0.14

C 1.43

N 0.14 75.72 75.72 75.72

0 50.63 24.28 24.28 24.28

Na 0.79

Mg 1.14

Al 4.60

Si 32.14

K 1.65

Ca 2.30

Mn 0.14

Fe 2.25

Ti 0.36

P 0.12

Density (g/cc) 1.40 1.155-3" 1.116-3 1.074-3
Free Moisture
Density (g/cc) 0.21 6.750-6 6.148-6 4.844-6
Total Density
(g/cc) 1.61 1.162-3 1.122-3 1.079-3

*Read as 1.155"10"3.
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Prototype Model

Density (g/cc) Elevation Elevation
Dry Air Water (m) (m)

1.051-3* 4.03-6 1500
1.065-3 3.94-6 1407 1410

Atmosphere
Region 3

Sdry Air 1.074-3

Swater 4.84-6

1.097-3 6.45-6 1086 1100
A n' j.)phere

S~Region 2

W: pdry Air 1.116-3

o 1.123-3 5.83-6 827 T water 6.15-6

1.141-3 6.35-6 723 710 A s
Atmosphere
Region I

1.157-3 6.93-6 437 p dry Air 1.155-3
"5 water 6.75-6

1.181-3 7.05-6 310 310,

Ground 1 309 Ground

*Read as 1.051,10"3

Figure 13. Atmompheric density and moimture profile.
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The ratios of air-over-ground to uniform air tissue FINAL TERMS USED TO FIT AiR-OVER-
kerma were fit with a multi-variable function, GROUND CORRECTiON FACTORS
inciuding the following terms. Note that all d~s-
tance quaotities (slant range, R, and burst height, 1 . H V 4 9.R 2

H) are expressed as optical dectrn mraSs per unlit

area2.H12t

'~jDCCPQ N F A,' 4. H 2 12, S

R in quarter power steps from 1 4 to 2 5. R 1 4 13. R "OSe

H in quarter power steois from 1: 4 to 2 6. R 1 2 14. IR*H1 2

R H) in half power steps from 1 2 to 2 7. R 15. COINSTANT

8 grazing angle. in ra-tians 8.R 3/2

SIN 9 !!le relative importance of these f fteen terms in
filling the data varies with loc~k:cn. At sh~ort dis-

003o e lances l!ess than approximately 3X0 meters burst
ie~ght and 500 meters horizontal c stance in data

R'SIN A~ base air) the H (burst height) terms d~ominate the
value produced by the function, Peyond those

R*COS P confines the value is domninated by the slant
range and grazing angle, At the limits of the data

CON,"'STANT the wilue is dominated by thle grazing angle
aione Thus, 'he eytraccialcn of the correction

Trials were run to idantify the most important co- factor bevund tthe conf res of tne data tbase is
efficients, fifteen of which were required to 'eoro- acco'rpiished on 'he basis ;..f grazing angle,
duce the data everywhere to within five pet cent wvl,.ch is usaid to determine the applicable correc-
or better. Those fifteen terms are as fCilows t~on factor. taken from the data base limit.
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SECTION 5

DELAYED GAMMA RADIATION

ATR calculates delayed radiation Propagation tak- the parameters r. pr and hs and the mid-

ing into account the time-dependent fission prod- point of time increment k. where r is the

uct gamma ray emissions, fireball /veapon debris source-detector slant distance, pr is the

height and air density surrounding the rising fire- product of r and the average density (p)

bail. The fireball rise end air density treatments over its length and hs is the source height

in ATR5 are based on empirical observations and above the ground.
a one dimensional model, respectively, and are
unchanged from those used in ATR4. The bal- (FFi) is the number of fissions per unit

ance of the model used in ATR5 differs from that yield of fissile isotope i.

used in ATR4 as follows: (FFYI) is the fraction of the fission yield

1. The ATR5 source term accourts for differ- due to isotope i, and

ences between spectra and photon emis- Sl(t) is the time-dependent source rate
sion rates bstween fissionable isotopes in I energy groups due to isotope i.

U235, U238 and Pu239, whereas the
ATR4 model is applicable to U235 only. Values for quantities Y, FFR and FFY must be in-

put by the user (see section 2). The time incre-
2. The ATR5 delayed gamma ray transport ment fluenze (•pks), per source group, is

model uses the same data r~se as that calculated using the same data base as that for
latingsedafor the ass pro g marays, cuanc- prompt gamma radiation transport. The parame-
lating scy. ar fluence as its primary quanti- ters r. pr, and hs are calculated within ATR5.
ty. whereas ATR4 has a separate photon based on initial conditions of the burst, using
transport data base consisting of a ker- models described in the ATR4 Users Guide (DNA

ma-optical depth (gicm2 ) reiationship. 3995F) (Ref. 33). ATR5 integrates the fission

product gamma ray dose rate over the period
from zbro to sixty seconds numerically, using

late dose and dose rate values mea-auredlate dospherictests and dosehreales beenineteen time steps. The variation of the dose
at atmospheric tests and has been ema-
pirically adjusted to provide the t-est rate with time decends on weapon yield, burst

height, target height and dirtance. Therefore, in
agreement with available test data. order to employ so few t;me stepq the code itself

Delayed radiation fluences are calculated in ATRG chooses the duration of each step. It does so on
the basis of the cumulative uncollided fluence,
which it calculate, in fifty equal logarithmic time

29 18 3 steps from one tentr In sixty seconds, plus points

1(R) = Y "FFR y y b jr.rhs) f (dr Z(FFI) at 0.001 and 0.01 seconds. The code selects the
)times at which the uncollioud fluence is closest

to (but larger than) the cumulative value in

(FFYi) Stit(t) (3) one-fifteenth incrempnts The last time step is
further divided into five .,mnller increments, in
equal logarmthmic intervals, due to the sharp dose

where tI(R) is the total gamma ray fluence in rate gradik.ii! prevalent at tate times,

energy group j, at a given location R, ref- The number of fissions per kiloton of fission yield

ative to the burst point. (Fri) is stored in the code and need not be en-

Y is the total device yield (user input) bred by the wer. The values are:

FFR lI the fraction of the total yield attrib- 1I10 t

utable solely to fissiton (user input) U235 1 .467F + 23

*lkl(r,prhs) is the gamma ray fluence in U2,38 1.475E + 23

energy group j riot source photon in
,ource group I, determined according to Pu239 I .419E + 23
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5.1 FISSION PRODUCT G3AMMA RAY SOURCE. 12 for U235, U238 and Pu239, respectively. The
development and testing of these source data

The fission product gamnma ray Source term Si1(t) ae described in detail in Append~x E of this re-
is a function of isotope (i), energy (1) and time. nor?.
The mcst comp.rehensive measurements c' such ~ ~
source spectra have been made by Fisher and i tie urocess of correcting the Fisiner and Engle
Engle (Ref.- 22). Dickens. et al, (Ref. 14, 1 5 and s;ýec~ra jsira the data of Dickens. et 31 the en-
4io iama an'd An 'Ref 2) The 192 rnpaskre- ;. rmss'on rate vias &fe-ic pi, ' L

mients incuded< me-an timnes after fast fission as t-.t tat Tj ý,er hrr ir..,~giThs
early as 0.35 seconds for U231 U238 and Pu239. ptoýemn is a!'uaed to in Acjcencni E, vn~chi de-
Dickens. et~al., measured da~a as early as ap- scribes the correction process and the subse-
proximately two seconds after thermal fission of auent tes-nng of the corrected spectra and
U235 and Pu239. Akiyama and An measured fast energy emission ra, -,s. Subsequeot to the com-
fission - related data for several isotopes nut at cletion of the work described in Aependix E, En-
reiatively late times, a few tens of seconds after giond and Schenter (eFai. 19) created a data base
fission. from a combination of U.S. (ENDF 8 V and VI)

and Japanese (JNDC86) sources, consisting of
The energy emission rates measured by Fisher fission product inventories for each fissile nu-cle
and Fngle are not in agreement with those of the an~d the beta and gamma ray energy emission
other two groups for times after fission at which rates for each fission product. rhese data are
nu substantial differences shoulo remain between avAilabie for thermal, fast and 14 Mq\V ne-iron
fast and thermal #ission. This discrepancy is in- fission and reproduce the measurements of Dicih-
portar't because only the &isher and Engle dfta ens. et al.. and Akiyama ard An within a few per-
provide fission p.oduct spectra applicabie !a all cent. Therefore, the energy emission rates for
three f issile nuclides at times of greatest interest. U235. U238 and Pu239 adopted for u3e in ATR5
Fortunately, C~ie differences between thes three are those taken from England and Schentei for
sets of data have been reconciled as oar? of the fast fission and fit to th'e functional foryint
U.S. - Japan Joint Assessment of Atomic Bomrb
Radiation Dosimetry in Hiroshima and Nagasaki En'~rgy Emission Rate A
IRef. 58), The Fisher and Engle spectral data I .Bt

haivo been Adjusted based on those of Dickvens.
Pt al.. with a consistent application of that adjust- 1MveV per fission per seconic"' (4)
ment reproducing the AkiyamA and An U238 en-
ergy emission rate at 40 seronds. The Adjusted
spec:ýtra norM~irzed to one gamma ray Luer fis- where t is the tine in spcnnds. Tne coefticients
rco~n per ipcond, Are given in Tables 10. 1it and used in the ervission rate model i~re:

IJ23.5 (0-f- 11. 42 -er j 0 FPC6 0.833
(1 1 42,.,?, 6 sec) 4 Fl18 7 .'34

1,1238 (C~t 2.19 nur.j 1 119t 1 031)
(2. 11) t 8 25 sec) 2 W10 2 ol,)
(8 215-,t,15 sec) 0 ill,8 -ti1rCS1
(15--t-60 .10c) .0.44? 0.599

Pu239 (0-tij,0 -ocl 0 340 0 618

4?



Table 10. Fission p.-oduct gamma ray source spectra for U235 at mean times
after fission of 0.35, 1.5, 4.75, 11.5 and 40 seconds.

Energy Upper Gamma rays/MeV-Gamma ray
Group Energy Time (sec):

No. (MeV) 0.35 1.50 4.75 11.50 40.00

I 0.045a O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00

2 0.100 O.000E+00 O.OOOE+00 O.OOOE+00 O.OOOE+00 O.O0E+00

3 0.150 4.933E-01b 3.675E-01 4.307E-01 4.210E-01 3.769E-01

4 0.300 1.038E+00 8.693E-01 9.983E-01 1.010E+00 9.071E-01

5 0.450 6.942E-01 6.720E-01 7.311E-01 7.382E-01 7.324E-01

6 0.700 6.764E-01 7.565E-01 8.226E-01 7.801E-01 6.182E-01
7 1.000 5.391E-01 5.263E-01 4.511E-01 4.589E-01 4.965E-01

8 1.500 3.230E-01 3.388E-01 3.050E-01 3.252E-01 3.648E-01

9 2.000 1.605E-01 1.715E-01 1.728E-01 1.664E-01 1.868E-01

10 2.500 1.066E-01 1.100E-01 1.081E-01 1.065E-01 1.209E-O1
11 3.000 6.688E-02 7.002E-02 6.091E-02 6.624E-02 8.265E-02

12 4.000 3.840E-02 4.177E-02 3.993E-02 3.871E-02 3.763E-02

13 5.000 1.396E-02 1.189E-02 1.035E-02 1.091E-02 1.230E-02
14 6.000 2.797E-03 3.618E-03 3.420E-03 3.571E-03 3.628E-03

15 7.000 9.842E-04 8.458E-04 7.598E-04 5.387E-04 4.233C-04

16 8.000 1.399E-04 1.400E-04 1.396E-04 1.399E-04 1.398E-04

17 10.000 O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+00
18 12.000 O.OOOE+00 O.O00E+00 O.OOOE+00 O.OOOE+00 O.000E÷00

aLower energy bound 0.010 MeV
bRead as 4.933*10-1
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Table 11 Fission product gamma ray source spectra for U238 at mean tlmes
af•'- fission of 0.35, 1.5, 4.75, 11.5 and 40 seconds.

Energy Upper Gamma irts/MeV-Gamma ray
Croup Energy Time (sec):

No. (MeV) 0.35 1.50 4.75 11.50 40.00

1 0.0 4 5a O.OOOE+00 O.OOOE+00 O.OOOE+00 0.OOOE+00 O.OOOE+00
2 0.100 O.O00E+O0 O.O00E+O0 O.O00E+O0 O.O00E+O0 O.O00E+O0

3 0.150 5.568E-01b 3.742E-01 5.271E-01 4.505E-01 3.881E-01
4 0.300 1.108E+00 9.559E-01 1.125E+00 1.049E+00 1.009E+O00

5 0.450 7.432E-01 7.151E-01 7.608E-01 8.385E-01 7.773E-01

1 0.700 6.223E-01 6.674E-01 7.825E-01 7.532E-01 6.814E-01

71 1.000 4.881E-01 4.934E-01 4.347E-01 4.335E-01 4.891E-01

2 1.500 3.039E-01 3.313E-01 2.826E-01 2.956E-01 3.311E-01•ii9 2.000 1.564E-01 1.852E-01 1.685E-01 1.663E-01 1.605E-01

10 2.500 1.253E-01 1.151E-01 1.076E-01 1.121E-01 1.211E-01

t•11 3.000 8.130E-0f2 8.057E-0f2 6.249E-0"2 6.765E-02 8.479E-02
S i12 4.000 3.971E-0Y2 4.338E-0"2 4.011E-0"2 3.923E-02 J3. 392E-62"

13 5.000 1.387E-02 1.180E-02 9.619E-03 1.124E-02 9.236E-03

14 6.000 3.882E-03 3.409E-03 3.587E-03 3.951E-03 3.109E-03

15 7.000 1.409E-03 8.844E-04 7.119E-04 6.154E-04 3.538E-04

16 8.000 1.398E-04 1.399E-04 1.402E-04 1.398E-04 1.403E-04

17 10.000 O.O0E+00 0O.00E+00 O.OOOE+00 O.OOOE+00 O.OOOE+00

18 12.000 O.O00E+00 O.OOOE+00 O.OOOE+00 O.OOOE+00 O.OOOE+0O

aLower energy bound 0.010 MeV
bRead as 5.568,10-1
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Table 12. Fission product gamma ray source spectra for U239 at mean times
after fission of 0.35, 1.5, 4.75, 11.5 and 40 seconds.

Energy Lpper Gamma rays/MeV-Gamma ray
Group Energy Time (sec):

No. (MeV) 0.35 1.50 4.75 11.50 40.00

1 0.045a O.OOOE+00 O.OOOE*O0 O.OOOE+00 O.OOOE+00 O.OOOE+00

2 0.100 O.000E+00 O.OOOE+00 O.OOOE+00 0O000E+00 O.OOOE+00

3 0.150 5.425E-01b 3.966E-01 4.769E-01 4.377E-01 3.764E-01

4 0.300 1.094E+00 9.689E-01 1.107E+00 1.145E+00 9.238E-01
5 0.450 7.172E-01 7.560E-01 7,595E-01 8.111E-01 7.964E-01

6 0.700 7.448E-01 8.944E-01 9.002E-01 8.086E-01 6.484E-01
7 1.000 5.210E-01 4.882E-01 4.412E-01 4.426E-01 4.859E-01

8 1.500 2.982E-01 3.194E-01 2.792E-01 2.967E-01 3.430E-01

9 2.000 1.490E-01 1.496E-01 1.698E-01 1.679E-01 1.839E-01

10 2.500 1.014E-01 9.263E-02 9.549E-02 9.966E-02 1.300E-01
11 3.000 7.294.E-02 5.696E-02 5.283E-02 5.935E-02 8.725E-02

12 4.0(Y) 3.249E-02 3.024E-02 3.116E-02 2.869E-02 3.345E-02
13 5.000 1.250E-02 9.317E-03 6.433E-03 6.850E-03 7.245E-03

14 6.000 2.182E-03 1.805E-03 1.888E-03 1.850E-03 2.019E-03
15 7.000 5.915E-04 5.696E-04 5.417E-04 3.981E-04 3.396E-04
16 8.000 1.398E-04 1.400E-04 1.396E-04 1.397E-04 1.403E-C4

17 10.000 O.000E÷00 O.000E*00 O.000E+00 O.OOOE+00 O.000E100

18 12.000 O.000E÷00 O.001E+00 O.000E÷00 O.000E+00 O.000E00

aLower energy bound 0.010 MeV.

bRead as 5.425*10-1

45



These coefficients reproduce the England and ATR5 model lay in its inability to account for the
Schenter gamma ray energy em;ssion rate data ground-reflected shock wave from the burst. The
within two percent or less over the time periods ground-reflected shock wave fills in the low densi-
indicated. ty region which includes the rising fireball, provid-

ing more mass for the fission product gamma
The reported emission rate spectra have been rays to penetrate and, consequently, a lower
assigned to time regimes, the limits of which are dose rate, as described in Aopendix E of this re-
the time increment boundaries closest to the port. This effect is particularly we!l defined for a
mean of the logarithm of adjacent reported burst at 1 10m scaled height, as shown in Figure
times, as follows: 20. The two-dimensional model begins to fill in

the line of sight f,'om source to detector at ap-Time (sec) of proximately 1 second, similar to the effect shown

Time (sec) Applicable Spectrum in the measured data, though the two-dimension-
al model over-estimates the effect. The data0 - 0.075 0.35 from ATR5, based on a one-dimensional hydro-

dynamic model, show no such effect and over-0.75 - 3.25 1 .50 predict the dose rate at later times.

3.25 - 7.75 4.75 Unfortunately, reliable delayed gamma ray dose

rate data are not available for scaled burst
7.75 - 22.5 11.50 heights greater than 110.4 meters. However, re-

22.5 - 60.0 40.00 sults of the two-dimensional delayed radiation
model combined with detailed calculations of the

5.2 EMPIRICAL CORRECTIONS. prompt and secondary radiation components
compare well with time-integral measurements of

The ATR5 rnodel was used to calculate delayed total initial gamma ray dose recorded for bursts

radiation as measured at several atmospheric having scaled burst height as large as 182.3 me-
dyields from several ters (Nagasaki) and 235.2 meters (Hiroshima).

kilotons to several megatons and scaled burst Thus, the two-dimensional model was used as
heights (HOB(m)/yield to the one-third power) tne standard by which to assess the deviation of
from zero to over one hundred meters. The mea- the one-dimensional model at scaled burst height
surements included time-dependent data from greater than 110.4 meters. As can be seen from
active dosimeters and total dose data from pas- Figure 19 the one- and two-dimensional models
sive dosimeters, such as film badges. The film come into agreement at a scaled burst height of
badge data were used only when the yield was 235.2 meters. It is not surprising that this should
sufficiently large that delayed radiation compo- occur, since at such large heights the reflected
nent was dominant or when the calculated shock wave has little or no effect on the rising
prompt and secondary components were con- fireball.
firmed by time dependent measurements, and Comparisons of experimental and two-dimen-
could be subtracted from the total to obtain the sional model dose values with those produced
delayed component. using the one-dimensional model ATR5 were

used to produce an empirical correction factorbased on scaled burst height. Linear interpolation
shot were compared over all distances and the is used to obtain correction factor values be-
mean of all comparisons for each shot was com-
pared with those for all the other shots. Upon

comparing the calculations and measurements Scaled Height Correction
as a function of scaled height of burst, as shown o
in Figure 19, It was evident that the ATR5 model
deviated from the measured data as a strong 0 1.000
function of the scaled burst height. lurther com- 17 1 1.000
parisons against the results of a model which 56.8 0.758
containcid the tame source and transport com- 70.1 0.695
ponents as ATR5 but included a more sophisti- 110.4 0.560
cated, two-dimensional hydrodynamic model 182.3 0.943
indicated that the primary shortcoming of the L,235.2 1.000
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The correction factors for zero and 17.1 meter times, as described in Appendix E. These prob-
scaled burst height were set to unity because the lems are evidebiced by rar'e-dependent discre-
comparisons of ATR5 with available data pro- pancies between calculated ind measured dose
duced very large uncertainty bands at those burst values. These are particularly: evident for surface
heights, which included the unity value. Thus, the bursts and very low air burst ,Sh'OB < 50 meters),
data did not conclusively indicate that the prob- with the corrected (SHOB effect) model underes-
lem of reflected shock for very low burst heights timating the measured values by twenty to thirty
produced any effect beyond that already ac- percent within a few fireball radii and over esti-
counted for in the model. (For very low burst mating them by a similar amount at distances of
heights the one-dimensional model includes a many fireball radii. Unfortunately, there is not a
provision for increasing the yield for the purpose strong enough correlation with fireball radius or
of calculating the hydrodynamic perturbation of any other readily observable parameter to create
the surrounding air). a scalar correction factor to minimize the error

in a systematic and reliable way. It is recom-
Even with the scaled burst height-based empkica! mended that future research be directed toward
correction, problems remain in ATR, orobably developing a reliable high order model of the phe-
having to do with other limitations of the hyanody- nomena affecting delayed radiation transmission
namic model, such as its inability to describe the and that such a model be used as the basis for
movement of the gamma ray source within the deriving further improvements for ATR, since the
fireball or the formation of the torus cloud at late available measured data are very limited.
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SECTION 6

SAMPLE CALCULATIONS

This section contains samples of calculations After an "EXC command, which causes the cal-
which exemplify the new capi.,',ttes added to cuiation to be executed, the 'MET command is
ATR5. The input and output for each calculation re-entered, providing data which supersedes that
are described in detail, particularly as regards contained in the previous calculations but leaving
ATR5 modifications. Additional explanations of all other commands unchanged. The revised
ATR input and output can be obtained from the *MET entry provides a moist air density (1.179
documentation for ATR4 (DNA 3995F). E-3 g/cc) and a percent moisture by weight
8.1 SAMPLE CALCULATION 1. USE OF THE (1.3043), which are identical to those obtained ,

"using the data from the first *MET entry. The re-MET COMMAND. suits of the two entries are virtually identical, as

This calculation illustrates the use of two varia- should be expected. Note that ATR5 calculates
tions of the 'MET command to obtain the same a ground level from the data provided in the *MET
neutron values. In the first entry thi 'MET com- command. That ground level will supersede any
mand is used to specify the Temperature (20 c), which is entered by the'GROUND command un-
Pressure (1000 mb) and relative humidity (90%). less no 'MET input is provided.

SAMPLE PROBLEM 1 - INPUT

"ATR VERSION 5 - - - SAiC I •R 1989 REVISION)

"TITLE SAMPLE PROBLEM 1 - AT' 'ERSION 5

• N-SOURCE (1 )

'N-YIELD 10

"N-NORM 2.OEi23

"HS,M, 100

"HTM,1

"METII) 20 1000 90

"RHM. 500(500)2000

"DOSE/N/

'EXC

"MET(3) 1.179E-3 1.3043

"EXC

'STOP

"FIN
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SAMPLE PROBLEM 1 -OUTPUT

ATR PROBLEM NUMBER 1 SAMPLE PROBLEM 1I ATR VERSION 5

NEUTRON SOURCE INTERNAL FISSION
NORMALIZATION=2.OOOE+23 NEUTRON /KT, YIELD=1l.OOOE+0l KT

TOTAL OU1'PUT=2.OOOE+24 NEUTRON

SOURCE SPECTR¶UM

ENERGY(MFN N N/MEV ENERGY(MEV ) N N/MEV
1. 07E-05-2 .90E-05 0. OOE+00 .O-O0E+00 1. 83E+00-2.31E+O0 2. 03E+23 4. 24E+23

2.90E-05-1 .O1E-04 0.0OEi.00 O.OOE+0O 2.31E+0O-3.O1E+O0 7.74E+22 1 .11E+23

1.01E-04-1.23E-03 0.OOE+00O0.OOE+00 3.O1E+00-4.07E+00 1.10E+23 1.03E+23

1 .23E-03-2. 19E-02 3.30E+22 1 .60E+24 4 .07E+O0-4 .97E+0O 2 .35E+22 2.62E+22
2.19E-02-1.llE-01 4.12E+23 4.63E+24 4.97E+00-6.38E+OO 3.66E+22 2.60E+22

1.11E-O1-1.58E-01 3.60E+22 7.66E+23 6.38E+00-8.19E+00 2.5.5E+2'2 1.41E+22

1.58E-01-5.S0E-01 3.03E+23 7.72E+23 8.19E+O0-1.00E+01 1.47E+22 8.11E+21

5.50E-O1-1.11E+00 4.32E+23 7.71E+23 1.OOE+01-1.22E+01 0.OOE+00 0.OOE+00

1.11E+O0-1.83E+00 2.94E+23 4.08E+23 1.22-E+01-1.49E+01 0.OOE+00 0.OOE+00

ATR PROBLEM NUMBER 1 SAMPLE PROBLEM 1 -ATR VERSION 5

GROUND LEVEL .500KM, 59.819GM/CM*'2, 1.641KFT, .311MILES

HORIZ. RANGE RHi- .500KM, 57.782GM/CM**2, 1.64OKFT, .311MILES
*SLANT RANGE RS- .510KM, 60.096GM/CY*'2, I.872KFT, .317MILES

TARGET ALT. HT- .001KM, .117GM/CM(*2, .OO3KFr, .OO1MILES

SOURCE ALT. HS- .100KM, 11.613GM/CM**2, .328KF-r, .OO2MILES

*SLANT ANGLE AN- -11.200DEGREES (COS- .98096)

*CALCULATED) FROM OTHER COORDINATES



NEUTRON DOSE VS. HORIZ. RkNGE (RADS)

DOSE 1= ALNS S T, YDRVD -REM

DOSE 2= StiFT TISSUk.E

DOSE 3= MID-PHkNTOM

DOSE 4= CONCRETE

DOSE 5= AIR

DOSE 6= NON-IONIZING SI.

DOSE 7= IONIZING SILICON

DOSE 8= MID-HEAD

DOSE 9= 1MEV EQ. FLUENCE

DOSE1O- USER SUPPLIED

HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 6

5.000E+02 ,Y 4.58E+O0 3.44E+04 i.18E÷04 3.53E+03 5.41E+03 4.35E+02

1.OOOE+03 M 7.42E+03 5.81E+02 2.08E+02 5.82E+01 9.83E+01 7.06E+00

1.5OOE+03 M 2.12E+02 1.65E+01 6.03EO00 1.75E,00 2.91E+00 2.10E-01

2.OOCE+03 M 9.21E400 7.34E-01 2.59E-01 7.94E-02 1.27E-01 9.43E-03

DOSE 7 DOSE 8 DOSE 9 DOSEIO

4.04E+02 1.59E+04 1.32E+13 O.OOE+00

7.05E500 2.79E+02 2.11E+11 0.00E+00

2.28E-01 8.17E+00 6.34E+09 0.O(E+00

1.07E-02 3.55E-01 2.85E+08 O.OOE+00

•**EXCION COMPI.TED
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8.2 SAMPLE CALCULATION 2, USER- tered after the units are given (up to 16 charac-
SUPPLIED *FLUXWT. ters not including the bracketing commas) in

A gama-ry surceis sed o ilustate energy order low to high. In ATR5. the resuiting
*FLUWT iput nd utpu in TR5.The dose values are printed as part of the *DOSE
FLUXT inut nd otputin TR5.The command in position 8 for gamma rays and posi-

'FLUXWT command allows the user to provide. tion 10 for neutrons.
his own fluence-to-dose fectors. These are en-

SAMPLE PROBLEM 2 -INPUT

*ATR VERSION 5 - -- SAIC (1 APR 1S89 REVISION)

*TITLE SAMPLE PROBLEM 2 - ATR VERSION 5

* G-SOURCE (1)

*G-YIELD 10

*G-NORM 7.5E+22

*GROUND,M,500

'HS, M,50

*HT .M.I

'RH.M, 500(500)2000

* DOSE/G

'FLUXWT/G/, ROENTGENS, 7.185E- 11 3,616E-11 5.464E-11 1,079E-10

1.993E-10 3.066E-10 4.433E-10 6.054E-10 7.820E-10 9.069E-10

1. 1IOE-09 1.255E-09 1,487E-09 1.707E-09 1.890E-09 2.192E-09

2.448E-09 2.P.23E-09

* EXC

*ST:OP

'FIN
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SAMPLE PROBLEM 2 -OL7UI!T

ATR PROBLEM NUMB3ER 1 SAN~gLE PROB3LE- 2 -ATh VERSION 5

GAMMA SOURCE INTERNAL FISSION

NORMALIZATION=7.500E+22 GAMMA /KT, YIELD)=l.OOOE+O1 KT

TOTAL 01 P1JT . 500E+23 GAMMA

SOURCE SPECTRUM

ENERGY(MEV ) G /MEV E.NERGY(MEV G G /MEY

1 .OOE-02-4 .50E-02 2. 44E+22 6 .98E+23 2.OOE+00-2 .SOE+O0 2.81E+22 5.61E+22

4.50E-02-1 .OOE-01 1 .23E+22 2.24E+23 2.50E+00-3.OOE+00 1 .67E+22 3.34E+22

1 .OOE-01-1 .50E-O1 3 .66E+22 7 .32E+23 3. OOE±O0-4 .0OE*00 1 .58E+22 1 .58E+22

1.50E-01-3.OOE-01 7.74E+22 5.16E+23 4.OOE+O0-5.OOE+O0 5.59E+21 5.59E+21

3.OOE-01--4.50E-01 1 .02E+23 6.79E+23 5.OOE+O0-6.OOE+O0 1 .99E+21 1 .99E+21

4.5OE-01-7.OOE-O1 1 .52E+23 6.08E+23 6.00E*00-7.O0E+00 6.94E+20 8.94E+20

7.OOE-01-1.OOE+00 1.22E+23 4.08E+23 7.OOE+00-8.OOE+00 2.83E+20 2.83E+20

1.O0E+00-1.50E+00 1.06E+23 2.11E+23 8.OOE+00-1.OOE+01 1.18E+20 5.90E+l9

1.50E+00-2.OOE+00 4.82E+22 9.84E+22 1.OOE+O1-1.'20E*O1 O.OOE+00 O.OOE+00

ATR PROBLEM~ NUMBER I SAMPLE PROBLEM~ 2 -ATR VERSION 5

GROUND LE-VEL .500K, 59.787GM/CM"2, 1. 6.IOKI-7, .3IIMILES

IIORIZ. RANGE R11- .500KM, 580(35GM/CM"2, 1.64019-T, .3I1MILES

'SLANT RANGE RS- .502KY, 58..I82fM/CV-2, 1. 6,l8KFT, .312MILES

TARGE'T ALT. ITf- .001KM, .117GM/CM"2, .003KF1T, .OOIMILES

SOURCE ALT. HfS- .050KM,, 5.821CM/CMN"2, .184KF1', .O3lMILES

*SLAINT ANGLE AN- -5. S97DEGRIKS (Ct)S-,- . 99523)

*CALCULATED FRnM OilIER COORDINATES
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GAMA DOSE VS. HORIZ. RANGE (RADS

DOSE 1= INS STANDARD-REM

DOSE 2= SOFT TISSUE

DOSE 3= MID-PALNTOM

DOSE 4= CONCRETE

DOSE 5= AIR

DOSE 6= IONIZING SILICON

DOSE 7= MID-HEAD

DOSE 8= USER SUPPLIED

HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 6

5.OOOE+02 M 1.72E+03 1.30E+03 7.95E+02 1.71E+03 1.18E+03 1.83E+03

1.OOOE+03 9 4.55E+01 3.64E+01 2.32E+01 4.34E+01 3.31E+01 4 57E+01

1.500E+03 M 2.90E+00 2.41E+00 1.57E+00 2.69E+00 2.18E+00 2.81E+00

2.OOOE+03 14 2.83E-01 2.40E-01 1.59E-01 2.61E-01 2.18E-01 2.71E-01

DOSE 7 DOSE 8

9.25E+02 1.36E+03

2.64E+01 3.80E+01

1.77E+00 2.51E+00

1.78E-01 2.50E-01

**L-EE TION COMPLETED
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6.3 SAMPLE CALCULATION 3. USE OF THE command when calculating delayed radiation re-
*FP COMMANDS. suits in UJ-235 fission by default. in the Case Ot

the sample problem. a hypothetical weapon hay-
ATRS aPIow's the user to specify the fractions of ing a total yield of 100 kt. of which 95% ;s due
fiss.inyi eld due to the three orimary fissile rate- to fission, is specified using the 'FP-Y and 'FP-F
ria~s U-2115. U-238 and Pu-239. These fractions ccrnmands, respectively. The *F2-I command

are 0 ,ia the *Plcommrand and are used cuesthat 95% of the yield is due to U-235,
K ;ia of c :,ýe fssinno'oir t s :.,e to U-238 and no \,eloids ceri,,ed !-om

~eC~~onu> IK~i~ieto (:'.1ne a o 022

DP1LEOCBLc:N 3 ! NPIJT

ARVERSION 5 - - - SAIC (1 APR 1989 REVISION)

'TITLE SAMPLE PROBLEM 3 -ATR VEPSýýON 5

*FP-Y 100

'FP-F 0.95S

'FP-1 0.95 0.05 0.0

H S,M.2 so

HT, M, 1

G3ROUND, M. 500

*RHM, 1000(500)2500

'COSE FP/

ST('DP V

'FIN
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SAMPLE PROBLEM 3 - OUTPUT

ATR PROBLEM NUMBER 1 SAMPLE PROBLEM 3 - ATR VERSION 5

FISSION PRODUCT YIELD=1.OOE+O2KT, FISSION FRACTION= 9.50E-01

*** * * ***,* ** ******* ** **** b*** * ** ****

ATR PROBLEM NUMBER 1 SAMPLE PROBLEM 3 - ATR VERSION 5

* *** ** * *** ************** *** *** ** ** *

GROUND LEVEL .500KIA, 59.787GM/CM**2, 1.640KFT, .311MILES

HORIZ. RANGE RH- 1.000KM, 113.897GM/CM**2, 3.281KFT, .621MILES

*SLANT RANGE RS= 1.031KM, 118.805GM/CM*'2, 3.381KFT, .640MILES
TARGET ALT. liT- .001KM, .117GM/CM**2, .03KFT, .O01MILES
SOURCE ALT. HS= .250KM, 28.823GM/CM**2, .82OKFT, .155MILES

*SLANT ANGLE AN= -13.982DEGREES (COS- .97037)

*CALCULATED FROM OTHER COORDINATES

* * ** * ** **** ** ***** **** ** * ****** * ** *

FISSION PRODUCT DOSE VS. HORIZ. RANGE (RADS

DOSE 1= ANS STANDARD-REM

DOSE 2- SOFT TISSUE

DOSE 3= MID-PHANTOM

DOSE 4- CONCRETE

DOSE 5w AIR

DOSE 6= IONIZING SILICON

DOSE 7= MID-HEAD

DOSE 8- USER SUPPLIED
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HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 6

1.OOOE+03 M 1.04E+04 7.99E+03 4.95E+03 1.03E+04 7.27E+03 1.09E+04

1.500E+03 M 8.92E+02 7.12E+02 4.52E+02 8.52E+02 6.46E+02 8.96E+02

2.OOOE+03 M 9.15E+01 7.54E+01 4.88E+01 8.51E+01 6.83E+01 8.88E+01

2.500E+03 M 1.1IE+O1 9.31E+00 6.12E+00 1.02E+O1 8.43E+00 1.06E+O1

DOSE 7 DOSE 8

5.72E+03 0. OOe-, 00

5.15E+02 O.OOE+O0

5.51E+01 O.OOE+O0

6.85E+00 O.OOE+O0

**EXEClrION COMPLETED
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6.4 SAMPLE CALCULATION 4, CALCULATING provide only the values computed for each corn-
TOTAL DOSE (*DOSE/T/). ponent. respectively. The command *DOSE/GG/

provides the total gamma-ray dose for all sources
ATR5 has completely integrated the fission prod- specified including fission production radiation,
uct (delayed) radiation module into the code for regardless of whether the individual dose compo-
the purpose of calculating dose, as specified us-ing he *OSEcommnd. he ommads: nents are requested. The *DOSE/GG/ command
ing the •DOSE command. The commands: should not be used when only on source of gain-

"DOSE/N/ ma rays (including neutrons) is stipulated. Like-
wise, the *DOSE/T/ command provides a total of

"DCSE/G/ all components resulting from the sources stipu-

*DOSE/NG/ lated, including fission product radiation, regard-
less of whether the dose components are

'DOSE/FP/ requested individually.

SAMPLE PROBLEM 4 -- INPUT

*ATR VERSION 5 - - - SAIC (1 APR 1989 REVISION)

"TITLE SAMPLE PROBLEM 4 - ATR VERSION 5

*N-SOURCE (2)

"N-YIELD 200

"N-NORM 2.OE+23

'G-SOURCE (1)
*G-YIELD 200

*G-NORM 7.5E+22

*FP-Y 200

"FP-F 0.9

"FP-I 0.0 0.2 0.8

* GROUND,M,500
* HS, M,300

*HT,M, 1

•RH,M, 1500(500)3000

•DOSE/N/

"DOSE/G/

' DOSE/NG/

"DOSE/FP/

'DOSE/GG/

"DOSE/T/

'EXC

'STOP

* FIN
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SAMPLE PROBLEM 4 -OUTPUT

ATR PROBLEM NMBER 1 SAMPLE PROBLEM 4 -ATR VERSION 5

NEUTRON SOURCE INTERNAL THERMONUJCLEAR

NORMAL IZATI ON=2. OOOE,23 NEUTRON /KT, YIELD)=2.OOOE+O2 KT

TOTAL OU1'PUT=4 .OOOE+25 NEUT1RON

SOURCE SPECTRUM

ENERGY (MVEV ) N N/MEV ENERGY (MEY N N/MEV
1. 07E-05-2. 90E-05 O.OOE+OO O.OOE+OO 1 .83E+OO-2.31E+OO 1 .04E+s24 2. 16E+24

2.90DE-O5-1.O1E-O4 8.OOE+22 1.11E+27 2.31E+OO-3.O1E+OO 1.04E+24 1.49E+24

1 .O1E-04-1.23E-03 2.29E+24 2.03E+27 3.O1E±OO-4.07E+OO 1 .04E+24 9.81E+23

1 .23E-03-2. 19E-02 1 .38E+25 8. 66E+26 4. 07E+OO-4.97E+OO 680.SE+23 7 .56E+23

2.19E-02-1.11E-O1 4.39E+24 4.92E+25 4.97E+OO-6.38E+OO 7.20E+23 5.11E+23

I..11E-O1-1.58E-O1 4.57E+23 9.72E+24 6.38E+OO-8.19E+OO 5.88E+23 3.25E+23

1 .58E-O1-5.50E-01 3.62E+24 9.24E+24 8. 19EiOO-1.OOE+O1 5.64E+23 3.12E+23

L5.50E-O1-1.11E+OO 3.40E+24 6.07E+24 1.OOE+O1-1.22E-:01 1.02E+24 4.65E+23

1.11E+OO-1.83E+OO 2.48E+24 3.44E+24 1.22E+O1-1.49E+O1 2.82E+24 1.05E+24
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ATR PROBLEM NUMBER 1 SAMPLE PROBLEM 4 -ATR VERSION 5

GAMMA SOURCE INTER1NAL FISSION

NORMALIZATION=7 .500E+22 GAMMA /KT, YIELD=2 .00E+02 KT

TOTAL OfilrPUT=i. 500E+25 GAMMA

SOURCE SPEUCRUM

ENERGY(MEV) G 0/MEV ENERGY(MEV) 0 G/MEY

1. 00E-02-4 .50E -02 4 .89E+23 1 .40E+25 2.00E+00-2.50E+00 5 .61E+.23 1.1.2E'+24
4.50E-02-1 .OOE-O1 2.47E+23 4.48E+24 2.50E+00-3.OOE+00 3.34E+23 6.68E+23
1 .OOE-0i-1 .50E-01 7 .32E+23 1 .46E+25 3.OOE+00-4 ,00E+00 3. 16E+23 3. 16E+23
1.5OE-01-3.00E-01 1.55E+24 1.03E+25 4.00E+00-5.OOE+00 1.12E+23 1.12E+23s

3.OOE-01-4.50E-O1 2.04E+24 1 .36E+25 5.OOE+00-8.OOE-ý00 3.97E+22 3.97E+22

4.50E-01-7.OOE-01 3.04E+24 1.22E+25 8.OOE+00-730OE+0O 1.39E+22 1.39E+22

7.OOE-01-1.OOE+00 2.45E+24 8.17E+24 7.OOE+00-8.OOE+00 5.66E+21 5.66E+21

1.OOE+00-1.50E.00 2.11E+24 4.22E+24 8 OOE+00-1.OOE+01 2.36E+21 1.18E+21

1 .50E+00-2 .OOE+00 9.684Ei.23 1. 93E+24 1 .OOE+01-1 .20E-s.1 0 .00E+00 0 .OOE+00

ATR PROBLEM NUMBER 1 SAMPLE PROBLEM 4 -ATR VERS'ION 5

FISSION PRODUCT YIELD=2.OOE+02KT, FISSION FRACTION- 9.OOE-01
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ATR PROBLEM NL'V.rER 1 SAMPLE PROBLEM 4 - ATR VERSION 5

GROUND LEVEL .500KM, 59.787GM/CM,**2, 1.640KFT, .311MILES

HORIZ. RANGE RH= 1. 50OKM, 170.018GM/CM**2, 4.921KFT, .932MILES
*SLANT RANGE RS= 1.530KM,, 175.904GM/CM**2, 5.018KFT, .95OMILES

TARGET ALT. HT= .001KM, .117GM/CM**2, .OO3KFT, .O01MILES

SOURCE ALT. HS= .30OKM, 34.504GM/CM**2, .984KFT, .186MILES
*SLANT ANGIE AN= -11.273DEGREES (COS= .98071)

*CALCULATED FROM OTHER COORDINATES

NEUITRON DOSE VS. HORIZ. RANGE (RADS

DOSE 1= ANS STANDARD-REY

DOSE 2= SCFT TISSUE

DOSE 3= MID-PHANTOM

DOSE 4= CONCRETE

DOSE 5= AIR

DOSE 6- NON-IONIZING SI.

DOSE 7= IONIZING SILICON

DOSE 8= MID-HEAD

DOSE 9= IMEV EQ. FLUENCE

DOSEIO= USER SUPPLIED

HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 8

1.500E+03 M 1.82E+04 1.52E+03 5.50E+02 1.84E+02 2.65E+02 1.96E+01

2.OOOE+03 M 1.18E+03 9.89E+01 3.50E+01 1.17E+01 1.70E+01 1.28E+00

2.500E+03 M 8.76E+01 7.34E+00 2.56E.00 8.58E-01 1.25E+00 9.51E-02

3.OOOE+03 M 8.93E+00 5.80E-01 2.01E-01 0.70E-02 9.88E-02 7.53E-03
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DOSE 7 DOSE 8 DOSE 9 DOSE1O
3.70E+01 7.55E+02 5.92E+I I O.OOE+O0
2.22E+00 4.83E+01 3.86E+10 O.OOE+0O
1.53E-01 3.55E+00 2.88E+09 O.OOE+O0
1.13E-02 2.79E-01 2.28E+08 O.OOE+00

***** ****************** ***** ** ** ***

GAmMAL DOSE VS. HORIZ. RANGE (RADS
DOSE 1= ANS STANDARD-REM
DOSE 2= SOFT TISSUE

DOSE 3- MID-PHANTOM

DOSE 4= CONCRETE
DOSE 5- AIR

DOSE t= IONIZING SILICON
DOSE 7- MID-HEAD

DOSE 8- USER SUPPLIED

HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 6
1.500E+03 M 7.05E+01 5.84E+01 3.80E+01 6.56E+01 5.29E+01 6.84E+01
2.OOOE+03 M 7.21E+00 6.11E+O0 4.04E+00 6.85E+00 5.53E+00 6.91E+00
2.500E+03 M 9.42E-01 8.08E-01 5.41E-01 8.66E-01 7.31E-01 8.98E-01
3.OOOE+03 M 1.42E-01 1.23E-01 8.32E-02 1.31E-01 1.11E-01 1.36E-01

DOSE 7 DOSE 8

4.29E+01 O.OOE+O0

4.52E+00 O.OOE+O0

B.OIE-01 O.OOE+O0

9.21E-02 O.OOE+O0
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NEUTRON GAIWA DOSE VS. HORIZ. RANGE (PADS )
DOSE 1= ANS STANDARD-REM

DOSE 2= SOFT TISSUE

DOSE 3= MID-PHANTOM

DOSE 4= CONCRETE

DOSE 5= AIR

DOSE 6= IONIZING SILICON

DOSE 7= MID-HEAD

DOSE 8= USER SUPPLIED

HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 6

1.500E+03 M 1.42E+03 1.26E+03 8.72E+02 1.32E+03 1.14F+03 1.38E+03

2.OOOE+03 M 2.01E*02 1.78E+02 1.24E+02 1.86E+02 1.61E+02 1.94E+02

2.500E*03 M 3.35E-01 2.99E+01 2.07E+01 3.11E+O1 2.70E+01 3.24E+01

3.OOOE+03 M 8 24E+00 5.58E+00 3.89E+00 5.81E+00 5.04E+00 6.05E+00

DOSE 7 DOSE 8

9.67E+02 O.OOE+O0

1.37E+02 O.OOE+O0

2.29E+01 O.OOE+O0

4.27E+00 0.OOE÷O0
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COUPLED GAMMA DOSE VS. HORIZ. RANGE (RADS

DOSE 1= ANS STANDARD-REM

DOSE 2= SOFT TISSUE

DOSE 3= MID-PHANTOM

DOSE 4= CONCRETE
DOSE 5= AIR

DOSE 6= IONIZING SILICON

DOSE 7- MID-HEAD

DOSE 8= USER SUPPLIED

HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 6

1.500E+03 M 3.55E,03 2.93E+03 1.92E+03 3.38E+03 2.66E+03 3.55E+03

2.OOOE+03 M 4.20E+02 3.57E+02 2.38E+02 3.92E+02 3.23E+02 4.09E+02

2.500E+03 M 5.99E+01 5.18E+01 3.51E+01 5.55Et01 4.69E+01 5.78E+01

3.OOOE+03 M 9.83E+00 8.60E+00 5.88E+00 9.10E+00 7.78E+00 9.47E+00

DOSE 7 DOSE 8

2.17E+03 O.OOEtO0

2.66E+02 O.OOE+O0

3.90E+01 O.OOE+O0

6.50E+00 O.OOE.O0
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TOTAL DOSE VS. 11ORIZ. R'N.NGE (PR.DS

DOSE 1= kNS STANDARD-RP4

DOSE 2= SOFT TISSUE

DOSE 3= MID-FHXNTOM

DOSE 4= CONCRETE

DOSE 5= AIR

DOSE 6= IONIZING SILICON

DOSE 7= MID-HEAD

DOSE &- USER SUPPLIED

HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 6

1.500E+03 M 2.18E+04 4.45E+03 2.47E+03 3.56E+03 2.92E+03 3.59E+03

2.OOOE+03 M 1.60E+03 4.55E+02 2.73E+02 4.03E+02 3.40E+02 4.11E+02

2.500E+03 M 1.48E+02 5.92E+01 3.76E+01 5.64E+01 4.81E+01 5.79E+01

3.OOOE+03 M 1.68E+01 9.18E+00 5.08E+00 9.17E+00 7.88E+00 9.48E+00

DOSE 7 DOSE 8

2.92E+03 O.OOE+O0

3.14E+02 O.OOE+O0

4.25E+01 O.OOE+O0

6.78E+00 O.OOE+O0
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FISSION PRODUCT DOSE VS. HORIZ. RANGE (RADS

DOSE 1= ANS STANDARD-REM

DOSE 2= SOFT TISSUE

DOSE 3= MID-PKANTOM

DOSE 4= CONCRETE

DOSE 5= AIR

DOSE 8= IONIZING SILICON

DOSE 7= MID-HEAD

DOSE 8= USER SUPPLIED

HORIZ. RANGE DOSE 1 DOSE 2 DOSE 3 DOSE 4 DOSE 5 DOSE 6

1.500E+03 M 2.05E+03 1.81E+03 1.O1E+03 1.99E+03 1.46E+03 2.11E+03

2.OOOE+03 M 2.12E+02 1.72E+02 1.10E+02 1.98E+02 1.1 -',+02 2.08E+02

2.500E+03 M 2.55E+01 2.12E+01 1.38E+01 2.35E+01 1.92E+n1 2.45E+01

3.O0OE,03 M 3.44E+00 2.90E+00 1.91E+00 3.16E+00 2.63E+00 3.28E+00

DOSE 7 DOSE 8

1.16E+03 O.OOE+00

1 '15E+02 0. OOEi 0

1.55E+01 O.OOE+00
2.14E+O00.OOE+O0

"**EXECUTION COMPLEID
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APPENDIX A

HISTORY OF ATR

Considerable effort was devoted to the under- Research Laboratories (BRL), produced five

standing of weapons radiation transport in the at- successive versions of that prediction tool, which

mosphere. especially near the air-ground was given the name Air Iransport of Radiation

interface, in the decade of the 60's. This effort (ATR). The documentation for these versions of

was a combination of experimental and analytical ATR are listed in Table 13.

studies, a large portion of which were supported
by DNA (then DASA). All the experimental work The code released as Version 1 was an interim
was performed at the Nevada Test Site and in- version and included only the neutron and sec-
cluded the two tower experiments, BREN (Ref. ondary gamma-ray portion of the data base. Ver-
28) and HENRE (Ref. 27), the former using a bare sion 2 was actually the first complete version of
fast reactor source and the latter using an accel- ATR as originally proposed. It had functional fits
erator-driven 14 MeV neutron source. There was of the Straker energy and angular-differential uni-
also interest in trying to predict analytically the form air neutron and secondary gamma-ray
radiation dose and fluence levels measured in the transport data and an additional data base for

NTS atmospheric shots of the 50's. gamma ray and x-ray transport, generated in a
like format to the Straker data. It also incorpo-

The DNA-sponsored efforts culminated in publi- rated an air-over-ground transport correction ap-
cations by Straker (Refs. 53 and 56) and by L.G. proach for integral dose based on the French
Mooney and R.L. French (Ref. 10). The Mooney prahor int dosbased o the Fren
and French work was the most comprehensive method nd normalized to Theraker
ever attempted to completely describe the initial air-ove calultedodata Tere reino

raditio intnsiy fom atua tets. eleted plans at the time to incorporate a debris radiationIPradiation intensity from actual tests, selected m d li h o e h e s nf rt i st a a i

from Teapot, Plumbbob and later series. It used model in the code. The reason for this is that radi
ation transport research of the early 70's was

the Straker atr-over-ground data, adjusted for preoccupied with strategic applications, particu-
height-of-burst using the method of French (Ref. larly the penetration of missile silos. Works such
24), and incorporated a method for estimating
the contribution of debris radiation to the total. as that by Mynatt, et al. (Ref. 42), indicated that

Mooney and French developed their debris radi- the most important components of initial weap-
ons radiation for this application were the neu-

ation predictive model based on the work of trone, which produced gamma rays in the silo
Loewe (Ref. 32). cover, and the high-energy secondary gamma

The work of Mooney and French showed quite en- radiation, particularly that produced above the

couraging agreement with test shot data. Unfor- silo. The moderately energetic (-1.0 MeV) debris

tunately, no attempt was made to incorporate radiation is much less penetrating through such

their methods into a general tool for initial weapon facilities, particularly if incident at an oblique

radiation transport prediction. However, a pro- angle.

posal to do exactly that was submitted to DNA
(DASA (RARP)) by Science Applications, Inc. in In 1972, new neutron cross section evaluations
1970. Oddly. this proposal did not arise from re- for nitrogen and oxygen, sponsored by DNA
view of the RRA work, but from needs perceived (RARP), were published by Young and Foster of

by Dr. James Lonergan of SAIC, pertaining to LASL (Refs. 61 and 62). These cross sections
in-flight radiation vulnerability analysis of strategic predicted half of the secondary gamma radiation
missiles. Dr. Lonergan's concept was to couple from 14 MeV neutrons in nitrogen called for by
the energy and angle-dependent response calcu- the earlier Straker set. The reason given was that
lated in the adjoint mode for Important internal the earlier set had underestimated the competi-
missile components with the results of uniform tion from charged particle emission at high neu-
air transport calculations of the type published by tron energies. At the same time, the
Straker. To do this efficiently, it was necessary Young-Foster data also predicted higher trans-
that the air transport data be placed in a format mitted dose of high energy neutrons and greater
suitable for easy retrieval by computer. SAIC, un- secondary gamma-ray production by low energy
der the resulting contract and follow-ons and un- neutrons that did the Straker set. The appear-
der an additional study funded by Ballistic ance of the new cross sections caused consider-
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Table 13. ATR documentation summary.

REPORT CONTENT

SAI-71-565-LJ Paper given at RSIC Workshop on Radiation Transport
November 1971 in Air. Describes logic of code and some data base

development.

DNA28031 First report describing basic concepts of ATR and
May 1972 the first distributed version of the code; describes

neutron and secondary gamma-ray data base genera-
tion. Includes air/ground and exponential air
correction factors.

DNA3144A Users manual for ATR-2 version of the code; does
April 1973 not describe data base generation.

DNA3279T Describes data base generation for photons (promptAugust 1974 gamma rays and x-rays) and the prompt gamma-ray
air/ground correction factors.

DNA3362Z Summary of the capabilities of the ATR code with
August 1974 updates to ATR-2.

DNA381ý'F Describes ATR-3 including new data base using DNA
July 1975 cross section library, new air/ground correction

factors, low energy x-rays, and new REGROUP routine.

DNA4061 Describes TDATR, the time-dependent prompt photon
January 1976 and secondary gamma-ray version of ATR.

ONA3395F Describes fission product model and surnarizes total
January 1976 capability of the ATR-4 code.

BRL CR 343 Describes ATR-4.1 with energy-dependent air/ground
August 1977 correction factors. Work supported by BRL.
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able argument, It was found that they predicted based on the French "First-Last Collision Meth-
the results measured in laboratory experiments od," as were those for prompt gamma rays. This
but did not predict the results of the HENRE ex- was known not to be very satisfactory for gamma
periment. The opposite was found to be true of ray applications, however, no suitable body of
the Straker set (Ref. 54). data similar to the Pace calculations existed for

gamma-ray transport in an air-over-ground con-
Accepting the laboratory experiments as the figuration. The resulting code became Version 4
more reliable comparison, DNA and the Cress of ATR, the first version of the code capable of
Section Evra!uation Working Group (CSEWG) ac- calculating all of the most important initial radi-
cepted the Young-Foster data to supplant that of ation components. The capabilities of ATR4 are
Straker in the Evaluated Nuc!ear Data File (ENDF) summarized in Figure 21.
library. Subsequently, it was decided by DNA to
sponsor an update of ATR to include air transport Version 4 of ATR, released in January of 1976
data generated using the Young-Foster cross
sections. SAIC produced the homogeneous air was, in fact, the conceptual embodiment of alltransport results in a format identical to the origi- aspects of the RRA study of test shot dose distri-
naStraksport culatsion aformatidentcak R he N giol bution analysis published almost exactly 6 years
nal Straker calculations and Oak Ridge National earlier. Some nuclear data changes had oc-
Laboratory produced a set of source altitude- curred in the interim, but that original concept of
dependent integral dose calculations (Ref. 44), estimating the radiation dose distribution result-
all under DNA sponsorship. SAIC then incorpo- ing from any device, based on a single compre-
rated these data into ATR, applying the hensive set of pre-calculated data came to
air-over-ground correction factors for 14 MeV fruition in ATR4.
neutron-produced integral dose to all neutron
source ener~gies above 5 MeV and those for the
fission weapon source to all neutron source ener- In April of 1973. a report containing a large com-
gies below 5 MeV. Improvements were also made pilation of air-over-ground transport calculations
In the x-ray transport at the time. The results were was published by the Naval Weapons Evaluation
published as Version 3 of ATR. Facility (Ref. 5). It was thought at !he time that

those results might be used to produce the
During the period in which Version 3 of ATR was air-over-ground correction factors for use in
being produced, a new interest in debris radiation ATR3 as then contemplated, However, upon re-
developed. The driving force behind this interest view by DNA and SAIC, it was found that the
was the possibility that low altitude ABM missiles NWEF data contained many errors and inconsis-
might have to fly through the debris cloud of tencies which made it unsuitab'e for such use.
another such missile. Both Radiation Research Among these were the use of Pre-Young-Foster
Associates (RRA) and SAIC were sponsored by cross sections, insufficient problem dimensions
DNA to study the debris radiation problem. The and oscillations in the fine-mesh dose distribution
SAIC product was the Integral Dose Enironment data. The results of this review were forwarded
Analysis (IDEA) Code (Ref. 55), which used the to NWEF. In spite of this, a group at Los Alamos
ATR3 data base and "pr" scaling to estimate th.e Scientific Laboratory (LASL), including T.W.
transport of radiation from all weapon source Dowler and H.A. Sandmeier, used the NWEF data
components through a perturbed atmosphere. base to calculate dose distributions from actual
The time dependent hydrodynamic behavior of tactical nuclear devices. The resulting report was

the atmosphere surrounding a burst was de- reviewed by DNA, which determined that it was
scribed using a complex model (LAMB) (Ref. 43) necessary to rebut its findings. At first, it was
produced by the Air Force Weapons Laboratory. thought that ATR3, then in preparation might be
Near the end of ATR 3 development, it was de- used for this purpose. However, it was finally de-
cided to incorporate a debris radiation model on cided by DNA that such a rebuttal must be done
ATR. However, it was found that the hydrodynam- on the basis of state-of-the-art transport technol-
ic and cloud rise model used in IDEA was too long ogy in order to have the greatest effect. There-
running and complex to use as it stood. There- fore, E.A. Straker, by then at SAIC, was
fore, it was decided to use the simpler models sponsored to perform a complete set of two-di-
developed by RRA (Ref. 41). These were essen- mensional neutron, secondary gamma-ray
tially the same models used to compute debris prompt gamma- ray and debris gamma-ray cal-
radiation dose in the RRA report on weapon tests culations applicable to tactical device detona-
referred to previously. Air-over-ground correc- tions. It was further decided that, since the
tion factors for the debris radiation dose were number of response functions of interest was lim-
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NEUTRONS PROMPT DELAYED
GAMMAS GAMMAS X-RYS

* SOURCE SPECTRUM + YIELD USER
* SOURCE-TARGET GEOMETRY INPUT

• OUTPUT SPECIFICATIONS

ATMOSPHERIC MODELS OF CORRECTIONS
DENSITY RDIATIONS FOR AIR-GROUND
MODEL AND • TRANSPORT AND HIGH-ALTITUDE
MASS SCALING IN UNIFORM EFFECTS
LAWS INFINITE AIR

* ENERGY/ANGLE DEPENDENCE

* INTERNAL/USER DOSE RESPONSES ATR
• CONSTANT RESPONSE CONTOURS OUTPUT
* OUTPUT-DATA REGROUP

Figure 21. ATH model.
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ited, whereas the number of sources was poten- The results of the DNA-sponsored tactical nuclear
tially limitless, the problems would be run in the woapon radiation environment study (Ref. 26)
adjoint mode. This would provide integrated dose were published in 1976. Shortly thereafter it was
data at any range of interest for an arbitrary iso- proposed by SAIC to DNA that the full source-
tropic source at any altitude. As part of this effort, energy-dependent air-over-ground correction
it was decided to investigate the effect of soil factors for a!l radiation types available from the
composition, particularly moisture content, on new calculetions be incorporated in ATR. The
radiation transport. A one-dimensional analysis proposal was not accepted by DNA. However,
of this effect was performed, revealing that such Ballistic Research Laboratories (BRL) did offer to
a dependence did exist. Therefor6, pains were sponsor the project. The result of this was ATR4.1
taken to perform the 2-D calculation using an (Ref. 34), which differs from ATRA as described
area-weighted central German soil. ir Table 14.
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Table 14. Comparison of transport data bases used for air-
over-ground correction factors in ATR4 and ATR-1.1.

ATR4 ATR4.1

Description DOT calculations by TWEEDEE data base from Adjoint
Pace, ORNL DOT calculations by Gritzner,

Straker

Source Energy Two sources 23 neutron source energy bands
Dependence o 14 MeV from 15 11eV to thermal. 19

0 Degraded fission photon source energy bands
from 10 MeV to 0.01 MeV

HOB Three source heights Continuous from 0 to 1000 m

Radiation Components Tissue dose for neutrons Tissue dose for neutrons,
and secondary gammas secondary gammas, and prompt

gammas

Energy and Angular No No
Dependent Effects
at Detector

Soil NTS Dry (no free water) area

weighted West German

Target Altitude Continuous from 0 to 1000 m I m

Ground Range M1.3 km %1.3 km
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APPENDIX B

EQUATIONS TO CALCULAT: METEOROLOGICAL VARIABLES
PRESENT IN A )IST ATMOSPHERE

The following paragraphs briefly describe a pro- Equations and constants used in this procedure

cedure to compute the more important meteoro- for calculating these variables were obtained
!ogical variables present in a moist atmosphere. from References 29, 23 and 50.

Equations Used

(1) Latent Heats (L)

(a) Vaporization (T > -20 OC) = 597.2 - .543t ý'C (cal/g) (5)

(b) Sublimation (T < -20 "C) = 677.0 - .0356t "C (cal/g) (6)

(2) Dew Point Temperature (Td) / Frost Point Temperature (TF) for T < - 20 '•C

TF = Ci / (C2 - in [(RHI100) x exp (C2- C/T)]) (K) (7)

where: Ci = L/ Rv (8)

C2 = L/ 273.155 x Rv (9)

and Rv is the gas constant for water vapor = 0. 11025 cal/g K.

(3) Relative Humidity (RH%)

RH = exp [C1 x (lI/T - I/Td)' x 100 T, Td in K (%) (10)

(4) Saturation Vapor Pressure (ea)

es = 6.11 x exp (C2 - C1 /T) (mb) (11)

(5) Saturation Mixing Ratio (W,)

W= e x es / (P - e,) (ppm) multiply by 103 to get g!kg. (12)

where: P is pressure (mb)

and e = (Mv / Md) = (18.016 g/mole /28.966 g/mole) = .622 (13)

(6) Mixing Ratio (w)

w = RH x W, / 100 (ppm) (i4)

also w = Pv / Pd (15)

where Pv = density of water vapor present

Pd = density of dry air containing the vapor

(7) Vapor Pressure (e)

e = w x P / (e + w) (mb) (16)

(8) Virtual Temperaturs (T')

T' = T x ((1 + wIe) / (1 + w)] (K) (17)
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(9) Density of Moist Air (m

P'm = P / (Rd x T*) =3.4838 x 10-4 (P /T*) (g/cm3) (18)

where Rd is the gas constant for dry air =.06857 cal/gm

(10) Density of Dry Air (Od)

I'd PIm / I+ W) (g!C m3 ,, (19)

(11) Absolute Humidity p, = m d (g cm- 3) (20)

(12) Specific Humidity (q)

qi = I~ / Pmn from (6) we see that q w (21)

(13) Potential Temperature (e)

e9 = T x 1lOO j (p - e)Kd (K) (22)

where: T is in K

and Kd = Rd /OP (231

and Op = specific heat capacity at constant pressure =2.4 cal/g K.

(14) Equivalent Potentie! Temperature (9ee

E) x exp([Lx W,/Cp xT) (K) (24)

where t is in K.
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APPENDIX C

GENERATION AND TESTING OF ATR5 RESPONSE FUNCTIONS

NEUTRON RESPONSE FUNCTIONS. The ANS Standard response function is based on
the neutron flux-to-dose rate factors publishedf by
the American Nuclear Society (Ref. 3).

Neutron response funct!ons span the energy The Soft Tissue response function is based on
range from 1.00 x 10-1 MeV to 14.9 MeV using Kerr's model (Ref. 35).
22 energy groups. Energy-specific KERMA values The Mid-Phantom and Mid-Head response func-
were collapsed into this 22 group format using a tions are based on the work described in Appen-
fluence spectrum that consisted of a 300 K dix 0.
Maxwell-Boltzman distribution for neutron ener-
gies below 5 KT (0.129 eV) and a 1 /E distribution The Concrete response function is for the con-
for neutron energies above 5 KT. This fluence crete composition given in Table 15. The elemen-
spectrum is representative of the spectrum that tal KERMA factors were generated from the DNA
exists at distances of 500 m io 5000 m in air from Working Cross Section Library (Ref. 13) using the
a typical fission source. MACK code (Ref. 1).

Tabor '. 1 omposition of concrete*.

Hydrogen 0.0056

Oxygen 11.49,,3

Sodium 0.0171

Magnesium 0.0024

Aluminum 0.0456

Silicon 0.3158

Sulfur 0.0012

Potassium 0.0192

Calcium 0.0826

Iron 0.0122

Total 1.0000

This ranC.f,*. IS fontw wlj Whit.,-Graodt, in typ~iCAl rt~n }o • (nc i•siolrune I I and "N13'" comcte Ic P •nce rti It hlI a denlsity 0of2 35
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The Dry Air response function is for the air corn- The Soft Tissue response function is based on

position given in Table 16. The elemental KERMA Kerr's model (qef. 35).

factors were generated from the DNA Working
Cross Section Library using the MACK code. The Mid-Phantom and Mid-Head response func-

tions are based on the work described in Appen-

The Non-Ionizing Silicon and Ionizing Silicon re- dix C.
sponse functions are based on the work reoorted
by Rogers et al. (Refs. 45 and 46) and their tat)u- The Concrete response function is based on Hub-

lated results lRef. 59). The 1 MeV Equivalent Flu- bell's work (Ref. 31). The concrete composition

ence response function is based on the is given in Table 15.
recommendations of Scott (Ref. 49).

The Dry Air response function is based on Hub-

GAMMA RAY RESPONSE FUNCTIONS. bell's work (Ref. 31). The air composition is given
in Table 16.

Gamma ray response functions span the energy
range from 0.01 MeV to 12.0 MeV using 18 ener- The Ionizing Silicon response function is based

gy groups. Energy-specific KERMA values were on Hubbell's work (Ref. 31).

collapsed into this 18 group format using a flu-
ence spectrum that consisted of an E3 distribu- COMPARISON OF OLD AND NEW

tion for photon energies below 0.045 MeV and a RESPONSE FUNCTIONS.
1/E d;stribution for photon energies above 0.045
MeV. This fluence spectrum is representative of Table 17 provides representative neutron and
the spectrum that exists at distance3 of 500 m gamma-ray fluences for this comparison of re-
to 5000 m in air from a prompt gamr,-a fission sponse functions. The neutron fluence is for a i!

source. distance of 1000 m from a 1 KT fission/fusion
(0.5iO.5) neutron source: the fluence was calcu-

The ANS Standard response function is based on lated using ATR4 with subsequent regrouping to

the gamma-ray ;IL'x-to-dose-rate factors pub- the ATR5 neutron energy group format.The gam-

lished by the American Nuclear Society (Ref. 3). ma-ray fluence is for a distance of 1000 m from

Table 16. Composition of dry air'.

Weight Fraction

Elemen For Gamma KERMA For Neutron KERM

Oxygen 0.232 0.245

Nitrogen 0.755 0.755

Argon 0 C13 0 Cco

Total I .0j0 1.000

that i't, .1i•. 'O. hqi -)SIod few gan-'A ray wr flPA Is t',Al .,owel hy 'tb•41ii e' fleleW ai II f ,r•r fl i*l i , .4 V l Ir'CO *?@nf.i'Ai

lro ., erriAA faI I ' are not I AlIar1e 1w Argoý fo the ,?roO 'F riA if IrV air the A fgo 'tI,). ... I .Irw'(Jr'er I 7 '! '1 I

8 2



Table 17. Representative neutron and gamma-ray fluences
used to illustrate difference in kerma factors
Det,*een ATR4 and ATR5*.

Neutron Fluence Gamma-Ray Fluence

Group No. ATR4 Group ATR5 Group ATR4 Group ATR5 Group

1 2.94E-13 2.94E-13 1.54E-14 1.29E-14

2 3.25E-13 3.25E-13 6.16E-14 6.78E-14

3 3.89E-13 3.89E-13 4.15E-14 2.82E-14

4 5.43E-13 5.43E-13 1.89E-14 3.21E-14

5 4.58E-13 4.58E-13 9.49E-15 1.30E-14

6 5.88E-13 5.88E-13 i.18E-14 1.25E-14

7 8.55E-13 1.13E-12 7.24E-15 7.98E- 15

8 9.04E-13 1.12E-12 4.94E-15 8.70E-15

9 2.26E-12 1.718E-12 3.08E-15 6.29E-15

10 1.38E-12 1.60E-13 4.78E- 15 5.O1E-15

11 7.39E-13 1.22E-12 4.13E-15 4.21E-15

12 3.65E-13 7.39E-13 5.O1E-15 6.64F-15

13 1.79E-13 3.65E-13 4.21E-15 5.14E-15
14 3.74E-14 1.65E-13 6.34E-15 4.20E-15 V
15 1.09E-13 1.60E-13 5.14E-15 3.42E-15

16 1.04E-13 1.04E-13 6.08E-15 1.46E-15

17 9.83E-14 9.83E-14 3.01E-15 7.39E-16

18 1.09E-13 1.1OE-i3 7.39E-16 0.OOE-00

19 7.2.tE-14 7.3E- 14

20 4.31E-14 4.31E-14

"4.79E-14 4.79E-14

22 1.21E-13 1.16E-13

" The neut,ron flucnce was calculated using ATR4, and then regrouped into
AT'r5 format. The gamma ray fluence was calculated using ATR5, and then
regrouped into ATH4 format.
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F_ 1 kT promPt gamm3 fission source: this fluence the flugncrts from Table 17 and the old (ATR4)
was calculated using ATR5 with subsequent re- and the now (ATR5) response functions.
grouping to the ATR4 gamma ray energy group

forat.Table 19 shcNs :re change in ~alculated re-

Table 18 shows the responses cai(cufated using sponses for corncaratie iepns inci'ons,
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Table 18. Neutron and gaama-ray kerma and dose values
calculated from ATR4 and ATR5 with idcntical
fluence values*.

Neutron Responses

ATR4 ATR5

Henderson Tissue 8.28E-21

Snyder-Neufeld = 1.51E-20

Tissue = 9.14E-21 Soft Tissue = 9.32E-21

Mid-Phantom = 3.65E-21 Mid-Phantom = 3.33E-21

Concrete = 1.22E-21 Concrete = 1.24E-21

Air = 1.64E-21 Air = 1.58E-21

Non-Ionizing Silicon = 1.13E-22 Non-Ionizing Silicon = 1.18E-22

Ionizing Silicon = 3.OOE-22 ionizing Silicon 3.10E-22

ANS Standard = 1.09E-19

Mid-Head = 4.52E-21

1 MeV Equil. Flu. = 3.56E-12

Gamma Ray Responses

ATR4 ATR5

Henderson Tissue = 7.18E-23

Concrete - 8.30E-23 Concrete = 7.53E-23

Air - 6.85E-23 Air = 6.30E-23

Silicon 7.93E-23 Ionizing Silicon = 7.84E-23

ANS Standard = 8.10E-23

Soft Tissue = 6.96"-23

Mid-Phantom 4.69E-23

Mid-head = 5.22E-23

Since the ATR4 and ATR5 fluences are based on one fluence regrouped into
the other energy group format, the fluences are essentially equivalent.
Accordingly, this table shows the effect of changing the response
function.
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Table 19. Changes in s-lected kerma and dose values due to
fluence-to-kerma or -dose factor changes*.

Percent Change

Response Neutron Gamma Ray

Tissue +2%,v NA

Mid-Phantom -9% NA

Concrete +2% -9%

Air -4% -8%

Non-Ionizing Silicon +4% NA

Ionizing Silicon +3% -1%

* ("ATR5'- "ATR4") / "ATR4".

So, for example, if ATR4 and ATR5 were used to calculate Concrete kerma, at
a range of 1000 a from a 1 kT prompt gamma source, the ATR5 kerma would be
91 less than the ATR4 kerma, assuming the transported fluences were the
saime.



APPENDIX D

KERMA IN AN ANTHROPOMORPHIC PHANTOM

This Appendix describes the procedure used to The iystem leakage fluence (n • '),ý*(E', n')
calculate neutron and gamma-ray Mid-Phantom may be viewed as having the qualities of detector
and Mid-H3ad energy-angle differential response weighted by the transport through the intervening
functions. This task was performed under a DNA media. It may be convoluted with any fluence
sponsored effort, Contract No. DNA001-83-C- *(E', fl') defined as incident on the system from
0252. which the leakage is scored to obtain the detector

response for that particular incident fluence, as
The transport of externally incident fluence to In the expression:
points at the mid-head and mid-thorax of an an-
thropomorphic phantom has been assessed us- Total Kerma= f f dfl'dE'4 (E',r1.')(n. -I').,)*(E',
Ing the VCS code system (Ref. 47) which fl.) f.' E'
incorporates the MORSE Monte Carlo transport
code (Ref. 57). The MORSE code performs trans- (25)
port calculations in three dimensions. at some range r from the radiation source. This

Computations were performed using a three- process is shown schematically in Figure 23.

dimensional adult male anthropomorphic phan- To obtain an energy differential response func-
tom developed by Cristy, (Ref. 7) having a total tion, the angular integration is carried out in ad-
mass of approximately 74 Kg. This phantom and vance, yielding the energy dependent (isotropic)
its internal lung and skeletal detail are depicted transport-weighted Kerma factors, co'(E).
in Figure 22. Specifications of elemental constitu-
ents, as recently published by Kerr, (Ref. 35) are Computations of transport in the anthropomor-
provided in Table 20 along with revised density phic phantom have been performed for two de-
values (Ref. 8). tector locations. The first location is mid-head,

which is specified to be the geometric center of
Transport computations have been performed the ellipsoid head of the phantom. The second
using the DNA Few Group Cross Section Library location is mid-thorax, which is specified to be
(DLC-31) with P 3 Legendre expansion. Caicula- at the geometric center of the elliptical torso
tions have been performed in the adjoint mode. cross section, midway between the top of the
In this mode the physics of the radiation transport pelvis and the top of the torso. Starting histories
are rever3ed by inverting the energy dependent were sampled uniformly from 58 (37 neutron, 21
quantities and reflecting the angular variables gamma-ray) energy groups. A total of, 60,000
through the origin. This causes neutrons and starting histories were used for the mid-head lo-
gamma rays in the computation to gain energy cation, while a tota! of 45,300 were used for the
in scattering and causes gamma rays to "pro- mid-thorax location. Due to splittings of histories
duce" neutrons. in the Monte Carlo process. approximately twice

the number of starting histories were actually tal-
The adjolnt approach is employed by starting a lied as having leaked from the system, a few
particle at a detector point and following it until more for the mid-thorax location, a few less for
it leaks from the system along a direction W' and the mid-head location. The results of these calcu-
at a leakage surface defined by its normal vector lations may be considered to be highly reliable,
n. The correlated descriptions of the starting and statistically, in terms of total Kerma transmission,
leaking particles are saved.
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Figure 2'2. Adalt male reference ma~n.
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Table 20. Elemental composition for various components
of reference man.

Percent by Weight

Element, Lun& Skeleton Soft Tissue

H 10.21 7.28 10.51

C 10.24 24.64 22.63

N 2.91 3.06 2.34

0 75.63 46.88 63.69
Na 0.19 0.32 0.011

Mg 0.007 0.11 0.013

P 0.080 5.03 0.13

S 0.23 0.31 0.20

Cl 0.27 0.14 0.14

K 0.20 0.15 0.20

Ca 0.009 12.07 0.024
Fe 0.037 0.008 0.006

Density (g/c33 ) 0.296 1.40 1.04
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Figure 23. Illuntration of forward-adjoint coupling.
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APPENDIX E

DELAYED GAMMA RADIATION TRANSPORT METHODOLOGY DEVELOPMENT

INTRODUCTION. causes the distance between source and target
to increase, thereby causing the radiation trans-

The improvement of the ATR delayed radiation mission to decrease once the expansion of the
model has been based on the study of empirical fireball ha3 slowed or stopped.

data from the atmospheric tests conducted in Mste-
vada and Pacific test sites and the study of alter- As the fireball rises the outer surface cools and
native models. This Appendix describes the is subject to drag forces from the surrounding at-
development and study of an alternative model mosphere. That causes the spherical fireball to
to that contained in ATFI. Study o' this alternative become a toroid-shaped cloud of condensed
model yielded significant insights into possible gases, containing the weapon debris.
shortcomings of the ATR model, particularly the
hydrodynamic model. Unfortunately, the alterna- Throughout this process the weapon debris, in-
tive hydrodynamic model was too complex for di- cluding the fission products, are in motion relative
rect inclusion in ATR. However, it did provide to the fireball. First, the debris are propelled to-
additional data from which to develop the scaled ward the top of the fireball with an initial impulse
height-of-burst correction factor described in the provided by the reflected shock. Eventually the
body of this report. In addition, it orovided the fis- debris pierce the top of the rising fireball and flow
sion product radiation source terms incorporated down the side, with most becoming incorporated
in ATR5. in the torus itself or in the cloud skirt below the

torus. Those effects become less pronounced as
Delayed gamma radiation is that component of the scaled burst height increases, where the
Deitiaclaed r g eama radiation ihatiponentted o scale burst height is defined to be the burst height
initial ruclear weapon radiation (radiation emitted divided by yield to the one third power (HOB/
within the first 60 seconds following initiation) y1/3)
emitted by products of fission and neutron activa-
tion which are parts of the debris of the nuclear This complex system, consisting of a radioactive,
explosion. These debris initially reside within the hence time-varying, source of gamma rays and
fireball, a luminous sphere of hot gases gener- similarly time-varying geometry, in which the
ated by the interaction with the air of x-rays ra- amount of air between source and target is
diated from the hot debris within a millionth of a ang en as the source rie from is
second after initiation. changing, even as the source rises from its origi-

nal location, must be modeled in some detail in
order to properly describe the intensity of the

The fireball also defines the edge of a region of delayed radiation component. The motivation for
very low density air, a density well, created by doing so is that delayed gamma radiation com-
the expansion of the very hot gases within. The prises the mejority of the gamma ray field
high pressure region created at the edge of that strength from large yield weapons.
density well forms a shock wave which breaks
away from the fireball and travels outward. super- Three technical areas must be addressed in the
imposed on the ambient air. The net effect of modeling process. These are:
these perturbations is to decrease the amount of
air on a line from source to target, thereby en- Fission Product Gamma Ray Source
hancing the transmission of delayed radiation
over that which would oc,'ur in unperturbed air. Gamma Ray Transport
This effect is often referred to as hydrodynamic
enhancement. Nuclear Weapon Hydrodynamics

The density well Is buoyant and begins to rise Data required for modeling the processes of in-
within a fraction of a second of its creation. Its terest in these areas have been acquired through
momentum !s augmented by the returning shock laboratory and field measurements. However,
wave, now reflected off the ground. The rise of these data are by no means complete. Here fol-
the fireball, which includes the radiation source, lows a disc:ussion of such modeling.

91



FISSION PRODUCT GAMMA RAY SOURCE. same energy-dependsnt ratio (last column) after
removal of a constant correction term in the Fish-

Measurements of gamma and beta radiation er and Engle N-239 measurerr nt (.85, column
source rates as functions of time after fission 5). That correction is consistent with the Fisher
have been made in the laboratory. Maienscrhein, and Engle disclaimer concerning their estimation
et al., (Refs. 38 and 39). reported measure- of the number of fissions ;n the Pu sample. The
ments made in the late 1950's and early 1960's energy dependent relationship found to exist be-

at Oak Ridge National Laboratory in terms of tween the Dickens, ct al., and the Fisher and En-
spectra, total number and total energy emission gle U-235 and Pu-239 may also be applied to the
rates. In the early 1960's, Fisher and Engle (Refs. latter's U-238 measurements. The result, in
21 and 22), of Los Alamos National Laboratory terms of total gamma ray energy emission rate

performed simil,-Ar experiments using a fast reac- agrees within a few percent with the value re-

tor source, which allowed them to obtain results ported by Akiyama and An at 40 seconds post-

at very early times (.35 sec). They also per- irradiation tim3. Therefore, it is concluded that

formed such measurements for several fission- a systematic error must be pesent in the Fisher

able materials including U-235, Pu-239 and and Engle data but that it can be removed

U-238. through the use of the Dickens, et al - related,
energy-dependent corrections. The resulting

Dickens et al., (Ref. 14 and 15), have published source rate models for three representative en-
results of recent measurements made ORNL, in- ergy groups along with supporting experimental
cluding those of spectra, again using thermal data are shown as functions of time in Figures 24,
neutron fission. Also, Japanese scientists Akiya- 25 and 26. Figure 26 also indicates some addi-
ma and An (Ref. 2) have published results of their tional empirica! corrections represented by the
measurements using a fast reactor source. The dotted lines made to the Fisher and Engle data
Japanese data are in terms of total energy rate to make their temporal behavior self-consistent
only, and are limited to times of twenty seconds and also more consistent with those of Dickens
or greater. et al. The resulting source rate models are not

only consistent with recent experiments but are
Results of several measurements in terms of en.- also inclusive of early times and data for U-238.
ergy emission rates at forty seconds, the earliest Source rate spectra for five times, .35 through
time common to all the available measurements. 40 seconds, are given for U-235. U-238 and
are provided in Table 21. There is a limit to what Pu-239 in Tables 23, 24 and 25, respectively.
can be construed from these data because of Source rates for times other than those shown
disparities in the uncertaindes quoted by the indi- are obtained by tn-lr, interpolation. For times
vidual measurers. The Maienschein et al., data earlier than .35 seconds the source rate is ob-
are assigned a standard deviation of approxi- tained by 1n-In extrapolation, based on the earli-
mately twenty-five percent, those of Fisher and est two times, .35 and 1.5 The contribution from
Engle twelve percent (U-235 and U-238) and sources beyond 30 seconds is negligible There-
twenty one percent (Pu-239) Ind those of Dick- fore, no extrapolation to times greater than 40 se-
ens et al., and Akiyama and An less than five per- conds is performed.
cent. Nevertheless, the data having the lowest
uncertainties are consistent with each other and An addition complication has not been taken into
are not inconsistent with the value provided by account in the delayed gamma radiation source
Maienschein et al., whereas the data of Fisher model. Calculations using nuclide-specific gam-
stand apart from the high precision data. Unfortu- ma emission rates (Ref. 18) indicate that fast fis-
nately, the latter provide the only aailable spec- sion produces more gamma ray energy at early
tral data for very early times and for U-238 times than does thermal fission (Table 26). This
fission, Therefore, 't is desirable to reconcile is supported to some extent by a comparison of
them to those of the other measurers. To accom- the new American (thermal fission) and Japa-
plish this, the spectra of Dickens, et al., and of nese (fast fission) data in Table 21. Having in ef-
Fisher and Engle arie compared for U-235 and lect normalized Fisher and Engle's results to
Pu-239, common to both experiments (Table 22, those of Dickens, et al., the former are now con-
colum;is three and four). It is found that the two sistent with those for thermal rather than fast fis-
sets of spec-tra differ from each other by the sion.
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Table 21. Fission product gamma ray source energy emission
rate (0.1 to 5 MeV) at 40 sec after fission.

Nuclide MeY/fis-sec

Experimentor U-235 U-238 Pu-239

Maienschein, et al. 0.0193* - -

Fisher and Engle 0.0216 0.0275 0.0194

Di:kens, et al. 0.0166 - 0.0130

Akiyama and An 0.0171 0.0205 0.0131

*Energy contribution 0.1 < E < 0.28 estimated by extrapolation.
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Table 22. Mean values of Dickens to Fisher and Engle source
ratios by energy group for U-235 and Pu-239.

SWSF&E

Upper SD/SF&E R239/R235a Pu-39
Group Energy Pu-239SF&E

No. MeV) U-235 PU-239 Adjusted Mean

1 6.419 . 3 9 4 (. 1 79 )b .360(.161) .914 .424 .409(.170)

2 5.636 .&20(.096) .654(.217) .798 .769 .795(.164)

3 4.918 .627(.416) .630(.103) 1.005 .741 .684(.281)

4 4.257 .866(.095) .734(.059) .848 .864 .865(.079)

5 3.655 .958(.048) .317(.044) .853 .961 .960(.046)

6 3.110 .852(.076) .730(.031) .857 .859 .856(.058)

7 2.620 .904(.046) .779(.025) .862 .916 .910(.037)

8 2.189 .869(.028) .738(.026) .849 .868 .869(.027)

9 1.808 .779(.034) .674(.045) .865 .793 .786(.040)

10 1.478 .787(.049) .688(.033) .874 .809 .798(.042)

11 1.195 .722(.044) .615(.035) .852 .724 .723(.040)

12 .954 .751(.035) .620(.012) .826 .729 .740(.026)

13 .749 .674(.100) .515(.084) .764 .606 .640(.093)

14 .575 .671(.086) .569(.082) .848 .669 .670(.084)

15 .428 .577(.106) .495(.104) .858 .582 .580(.105)

16 .309 .484(.038) .448(.C94) .926 .527 .506(.074)

17 .213 .394(.077) .345(.160) .876 .406 .4U0(.127)

.137 meanC 854(0.040)

aRatio of the Pu-239 source ratio to that of U-235.

bread as mean and (fractional standard deviation of the sample - n-1 /mean).

cmean of group values E < 4.257 MeV.
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Table 23. Fission product gamma ray source rate spectra for
U-235 at mean times after fission of 0.35, 1.5,
4.75, 11.S Rnd 40 seconds.

Upper Gamma Rays/ F1 ssl on-second-MeY
Group Energy
No. (PeV) 0.35 1.5 4.75 11.5 40.

1 14.0 0.0 0.0 0.0 0.0 0.0

2 10.0 0.0 0.0 0.0 0.0 0.0

3 8.0 5.50-5* 2.98-5 1.51-5 7.01-6 2.08-6

4 7.0 3.87-4 1.80-4 8.22-5 2.70-5 6.30-6

5 6,0 1.10-3 7.70-4 3.70-4 1.79-4 5.40-5

6 5.0 5.49-3 2.53-3 1.12-3 5.47-4 1.83-4

7 4.0 1.51-2 8.89-3 4.32-3 1.84-3 5.60-4

8 3.0 2.63-2 1.49-2 6.59-3 3.32-3 1.23-3

S9 2.5 4.19-2 2.34-2 1.17-2 5.34-3 1.80-3

9'. 10 2.0 6.31-2 3.65-2 1.87-2 8.34-3 2.78-3

11 1.5 1.27-1 7.21-2 3.30-2 1.63-2 5.43-3

12 1.0 2.12-1 1.12-1 4.88-2 2.30-2 7.39-3

13 .,0 2.66-1 1.61-1 8.90-2 3.91-2 9.20-3

14 .45 2.73-1 1.43-1 7.91-2 3.70-2 1.09-2

* 15 .30 4.08-1 1.85-1 1.08-1 5.06-a 1.35-2

16 .15 1.94-1 7.82-2 4.66-2 2.11-2 5.61-3

17 .10 0.0 0.0 0.0 0.0 0.0

18 .07 0.0 0.0 0.0 0.0 0.0

19 .045 0.0 0.0 0.0 0.0 0.0

20 .030 0.0 0.0 0.0 0.0 0.0

21 .020 0.0 0.0 0.0 0.0 0.0

.010

*read as 5.5"10-5.



Table 24. Fission product gamma ray source rate spectra for
U-238 at mean times after fission of 0.35, 1.5,
4.75, 11.5 and 40 seconds.

Upper Gamma Rays/Fi ssi on-second-MeV
Group Energy
No. oML 0.35 1.5 .75 11.5 40.

1 14.0 0.0 0.0 0.0 0.0 0.0

2 10.0 0.0 0.0 0.0 0.0 0.0

3 8.0 1.26-4* 5.87-5 2.58-5 9.84-6 2.78-6

4 7.0 1.27-3 3.71-4 1.33-4 4.33-5 7.01-6

5 6.0 3.50-3 1.43-3 6.60-4 2.78-4 6.16-5

6 5.0 1.25-2 4.95-3 1.77-3 7.91-4 1.83-4

7 4.0 3.58-2 1.82-2 7.38-3 2.76-3 6.72-4

8 3.0 7.33-2 3.38-2 1.15-2 4.76-3 1.68-3
9 2.5 1.13-1 4.83-2 1.98-2 7.89-3 2.40-3

10 2.0 1.41-1 777-2 3.10-2 1.17-2 3.18-3
11 1.5 2.74-1 1.39-1 5.20-2 2.08-2 6.56-3

12 1.0 4.40-1 2.07-1 8.00-2 3.05-2 9.69-3
13 .70 5.61-1 2.80-1 1.44-1 5.30-2 1.35-2

14 .45 6.70-1 3.00-1 1.40-1 5.90-2 1.54-2

15 .30 9199-1 4.01-1 2.07-1 7.38-2 2.00-2

16 .15 5.02-1 1.57-1 9.70-2 3.17-2 7.69-3

17 .10 0.0 0.0 0.0 0.0 0.0

18 .070 0.0 0.0 0.0 0.0 0.0

19 .045 0.0 0.0 0.0 0.0 0.0

20 .030 0.0 0.0 0.0 0.0 0.0

21 .020 0.0 0.0 0.0 0.0 0.0

.010

*read as 1.26*10'4
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Table 25. Fission product gamma ray source rate spectra for
Pu-239 at mean times after fission of 0.35, 1.5,
4.75, 11.5 and 40 seconds.

Upper Gamma Rays/Fission-second-MeV
Group Energy
No. (MeV) 0.35 1.5 4.75 11.5 40.

1 14.0 0.0 0.0 0.0 0.0 0.0

2 10.0 0.0 0.0 0.0 0.0 0.0

3 8.0 4.56-5* 2.63-5 1.25-5 5.65-6 1,64-6
4 7.0 1.93-4 1.07-4 4.85-5 1.61-5 3.97-6

5 6.0 7.12-4 3.39-4 1.69-4 7.48-5 2.36-5
6 5.0 4.08-3 1.75-3 5.76-4 2.77-4 8.47-5
7 4.0 1.06-2 5.68-3 2.79-3 1.16-3 3.91-4

8 3.0 2.38-2 1.07-2 4.73-3 2.40-3 1.02-3

9 2.5 3.31-2 1.74-2 8.55-3 4.03-3 1.52-3
10 2.0 4.86-2 2.81-2 1,52-2 6.79-3 2.15-3

ir 11 1.5 9.73-2 6.00-2 2.50-2 1.20-2 4.01-3

12 1.0 1.70-1 9.17-2 3.95-2 1.79-2 5.68-3

13 .70 2.43-1 1.68-1 8.06-2 3.27-2 7.58-3

14 .45 2.34-1 1.42-1 6.80-2 3.28-2 9.31-3
15 .30 3.57-1 1.82-1 9.91-2 4.63-2 1.08-2

16 .15 1.77-1 7.45-2 4.27-2 1.77-2 4.40-3

17 .10 0.0 0.0 0.0 0.0 0.0
18 .070 0.0 0.0 0.0 0.0 0.0

19 .045 0.0 0.0 0.0 0.0 0.0
20 .030 0.0 0.0 0.0 0.0 0.0
21 .020 0.0 0.0 0.0 0.0 0.0

.010

*read as 4.56*10".
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Table 26. Fast/thermal fission product gamma ray energy emission
ratios.

Calculated Using ENDP/B-.V

Nuclide

Time (sec) U235 Pu239
0.1 1.049 1.072
1.0 1.062 1.062
5.0 1.025 1.037

10.0 1.004 1.029
20.0 0.993 1.020

Calculated by England and Schenter

0.1 1.038 0.945
1.0 1.067 0.986
5.0 1.052 1.002

10.0 1.032 0.997
20.0 1.020 1.002
50.0 1.018 1.019
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No action was taken to correct tne source for the results from which agree well with those calcu-
fast-thermal fission effect at the time the correc- lated using Vitamin C. as shown in Figure 28.
tions were made to the Fisher ano Engle source
data. This was due to questions regarding the ac- A single one-dimensional, uniform air gamma ray
curacy of calculations using individual nuclide transport data base has been developed to serve

data. Those questions were apparently well prompt and delayed applications. Calculations of

founded, at least for Pu239, based on the more gamma ray energy and angle-differential fluence
recent analysis of England and Schenter (Ref. as a function of dis.anca through 550 grams/cm 2

19), data from which also appear in Table 26. The or approximately 5000 meters have been per-
ATR5 delayed gamma ray energy emission formed for sources in each of the 38 Vitamin E
source rates are taken from England and Schent- energy groups, as shown in Table 27. the calcu-
er data applicable to fast neutron fission. lations were performed using a S40 quadrature

and a P 3 Legendre scattering representation. The

GAMMA RAY TRANSPORT. results of the calculations have been collapsed
into the 18 gamma ray energy group. structure
common to ATRS. That structure is also shown

The capability of current codes and cross sec- in Table 27. The collapsing procedure has been
tions to model gamma ray transport in uniform performed using a gamma ray source spectrum
air was tested using BREN Co-60 source- inversely proportions to energy. The effect of the
measurement data (Ref. 28) as shown in Figure ground on gamma ray transport is accounted for
27. Those calculations were performed for a using the correction factor approach described
source 343m above ground using the two- in the body of this report.
dimensional discrete ordinate code DOT (Ref.
25) with the 36 energy group Vitamin C cross NUCLEAR WEAPON HYDRODYNAMICS.
section set (Ref. 48). Ideally, it would be desir-
able to use the DOT code to calculate the delayed A schematic representation of nuclear weapon
radiation transport. However, because the de- hydrodynamics, exclusive of fireball rise, is given
bris/fireball/ ground geometry is dynamic, it in Figure 29. In an air-ground environment the ini-
would require thirty or more separate calculations tial air shock wave created by the rapid expansion
to adequately represent the propagation of of hot gasses around the weapon reflocts off the
delayed radiation from any given weapon burst. ground and rises after the initial wave, forming
Therefore, an alternative method has been found the Mach stem, in which the initial and reflected
which provides a more practical approach to the shock unite.
problem. According to this approach the gamma
ray transport is modeled in a one-dimensional Observations of field tests and small scale high
system of uniform air, The amount of air along explosive expenmonts have been used to devel-
a line from the debris (the gamma ray source) op large empirical and semi-empirical models of
to the target at a specific time is determinec3 us- weapon hydredynamics. These are embodied in
ing a hydrodynamic model, which will be dis- computer codes which are by And large too cum-
cussed later in this section. The energy and bersome for use in cor'junction with transport
angle-differential fluence rate at the target is de- data for delayed gamma ray modeling. However,
termaned for the time-specific source rate spec- small codes which scale data generated by more
trum transported through an identical thickness complex codes have been developed. STLAMB
of air, using the uniform air transoort Cata base. f Hef 9) a more recent variant of the Low Altitude
This un-form-for-perturbed air substitution is a Multi Burst (LAMB) code developed by Needham
good approximation for gamma rays. the trans- and Wittwer (Ref. 43) is one of these. This code
port of which is dominated by absorption and for interpolates between and extrapolates from hy-
ward scattering. drodyrimmic data obtained from model calcula-

tions for one kiloton and one megaton yields in
An early version of the one-dimensional uniform uniform air. It accounts for the presence of the
air data base was taken from the Air Transport ground and. hence, the reflected shock by
of Radiation (ATR) code (Ref. 33). These data means of an image burst below the ground plane.
were shown to be in error when compAred with STLAMB Is used as the hydrodynamic model in
those generated using the morr recent Vitamin the delayed gamma radiation system used to cal-
C cross sections as shown in figure 2i , The cur- culate survivor air density profiles as a function
rent data base has been developed using the lat- of time and' computes the amount of air between
east cross section set, Vitamin E (Ref, 60), the source and detector. It also calculates cloud rise.
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Table 27. Vitamin E and ATR5 gamma ray cross section
library energy group structures.

Upper Energy Vitamin E ATR5
(MeV) Group No. Group No.

2.00+1* 1
1.40+1 2
1.20+1 3 18**
1.00+1 4 17
8.00+0 5 16
7.50+0 6
7.00+0 7 15
6.50+0 8
6.00+0 9 14
5.50+0 10
5.00+0 11 13
4.50+0 12
4.00+0 13 12
3.50+0 14
3.00+0 15 11
2.50+0 16 10

P 2.00+0 17 9
1.66+0 18
1.50+0 19 8
1.33+0 20
1.00+0 21 7
8.00-1 22
7.00-1 23 6
6.00-1 24
5.12-1 25
5.10-1 26
4.50-1 27 5
4.00-1 28
3.00-1 29 4
2.00-1 30
1.5n-I 31 3
1.00-1 32 2
7.50-2 33
7.00-2 34
6.00-2 35
4.50-2 36 1
3.00-2 37
2.00-2 38

Lower Bound 1.00-2 28

1
*Read as 2.0*10

**ATR energies are numbered from
low to high energy.
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Figures 30 through 36 show the development of fireball radius above the fireball center and low.
the system of hydrodynamically perturbed air 0.8 of the fireball radius below the fireball center.
surrounding a burst at 110 meters scaled height Calculations using these alternative, though not
of burst (Burst height + yield 1/5 ) as modeled us- necessarily,, realistic, debris location have been
ing STLAMB. Time-dependent gamma ray KER- made for comparison with experimental mea-
MA measurements were made on an equivalent surements and to determine the sensitivity of
test (Ref. 11), which can be used to help validate delayed gamma ray fields to suh perturbations.
the delayed gamma ray model. The development
of the weapon hydrodynamic process includes a
spherical density well which is later perturbed by Calculations of time-varying exposure rates
the reflected shock front. By 1 second the re- (roentgen per second) as measured by shielded
flected shock is shown to be passing through the ionization chambers (Conrad devices) have been
approximate center of the original fireball region. performed using the revised Fisher and Engle
Thereafter, the shock moves rapidly above the source values, transport methods as previously
now rising fireball, which eventually forms a toroid described and STLAMB hydrodynamic modeling.
shaped system and moves well above its starting The ionization chambers were located near the
poin., center of 25 inch lengths of steel pipe oriented

vertically above the ground. The outside diameter

Figures 37 through 44 show a similar progression of the pipe was 5.5 inches and the sides were
for a burst at 73 meters scaled height of burst, 3/16 Inch thick. Monte Carlo calculations were
also a subjecato gammaterssayed KER aeih mrst, performed using the pipe-ground geometry sys-also a subject of gamma ray KERMA rate meas-detec-
urements, alcng with that of ,i very similar shot tor which could be convoluted with the free field
(71 meters SHOB). In this case the reflected fluence to obtain the exposure as measured by
shock is moving back through the fireball less t o obtain t he ex eras meaedeby
than a tenth of a second after its initiation. By a resp onizationization chamber was taken to
second it has passed entirely through the fireball. be that described by Ehrlich (Ref. 16) and de-
It is shown to proceed to form a torus similar to picted along with those for other detector ypes,that of 110Om SHOB shot. pce ln ihtoefrohrdtco .ps

relative to fluence-to-roentgen conversion, in

Figure 45. The preferential shielding of low ener-
These depictions of density profiles have been gy photons. along with the rapid drop of detector
created with data from STLAMB and, thus, are response at low photon energies, tends to re-
the basis for determining tne thickness and length move the excess low energy fluence component
of the transport path from source to detector. present in the free field as described previously.
STLAMB also computes the altitude of tho highest Results have been obtained for the source Io-
temperature in the system, which may be asso- cated at the hot spot altitude and for the two vari-
ciated with the debris. However, the debris is ants described previously.
probably distributed over a larger volume within
the fireball. In fact, observations of field tests
suggest that the debris actually flows within the Figures 46 through 52 present exposure rate
fireball, at to the top, later down the sides and, measurement and calculation results for the
finally, Into the torus and skirt. Unfortunately, 110m SHOB shot for horizontal distances from

there are not suffici3nt data to construct a model 457 to 3261 km. Figures 53 through 58 present
of this cloud geometry-debris location system on results for the 73m SHOB shot for horizontal dis-
the basis oi actual observations. Thus, the pres- tances from 457 to 2780 m. Results are pres-
ent delayed radiation model has been developed ented in terms of exposure rate x time. This is
under the assumption that the debris resides at done to reduce the range of numerical values for
the altitude of the hot spot but at a point on the plotting. Data corresponding to the nominal or hot
centerline of the system rather than distributed spot location is depicted using a heavy solid line.
as a sphere or torus. This assumption has been That corresponding to the low source location is
made to simplify the calculation process and to depicted using the dotted line, that for the high
keep the running time of the computer model at using the dashed line. The light solid line depicts
a reasonable level. However, the effect of mov- a case In which the effect of the ground reflection
Ing the source to other locations has been ex- of the shock Is removed, which is the equivalent
amined. Calculations have been made for debris of the model used in ATR and which will be dis-
locations on the centerline but high, 0.8 of the cussed later.
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The calculations follow the general shape of the In the case of the 73m and 71m SHOB shots the
measured data for times beyor.d a few tenths of calculation-measurement ratios during the first
a second. At earlier times gamma rays from air two periods show good agreement in the first two
and ground capture of prompt neutrons dominate periods, the mean ratio for the first period being
the exposure rate. Those are not part of the 1.02 ± .12 and that for the second being .88
delayed radiation model. At times between a few _+.10, where the means are based on the ratios
tenths of a second and a few seconds the calcu- for both shots and the uncertainty is the standard
lations display the effect of the reflected shock error of the distribution.
wave passing through the fireball. The measure-
ments made on the 11 Orn SHOB shot also show During the periods beyond three seconds the
this, while the effect is hidden by the dominant calculation-measurement ratios for all three ex-
secondary gamma rays for the other shot. Be- hibit systematic variations with distance, being
yond a few seconds the calculations are lower low close in and high far out. According to the
than the measurements, quite a bit lower in the Figures 46 through 58 those discrepancies could
case of the 11 Om SHOB shot. be eliminated removing the provision for

ground-shock reflection from the model. The re-
Before examining the potential effects of source suits of such a modification are depicted as a light
movement within the fireball system and other solid line in the figures. However, the early time
factors wnich may effect the calculation- structure observed in the measurements is no
measurement comparison it is useful to examine longer observed in the calculations after eliminat-
the calculated and measured exposure rate data ing the reflected shock. Also, the resulting fireball
in time intervals which allow identification of data rise rate is unrealistically slow, as compared to
trends in time and space. The exposure values test shot photographs. However, this contributes
calculated in four intervals using the nominal (hot to the improved ability of the unreflected model
spot) source locations are presented as ratios to to calculate dose rates at late times, The hydro-
the equivalent measured values in Table 28. dynamic model used in ATR is essentially equiva-
There are several types of errors to look for from lent to the non-reflected shock variant of the
the evidence of these ratios. A source magnitude LAMB model described above. Like that model,
error should cause a uniform discrepancy at all ATR over-predicts the dose rate in the important
ranges, as should an error in calculating the size period uver the first few seconds after the re-
of the density well. An error In fireball rise should flected shock wave has passed through the fire-
cause a discrepancy which is range-depe,'dent, ball. However, unlike the LAMB model the ATR
as should an error in specifying the source ;oca- cloud rise model is independent of the s'ock
tion relative to the fireball. propagation process, being based on atmo-

spheric test observations.
During the earliest period the calculation-
measurement ratios for the 11 Om SHOB shot ex- The comparison between (STLAMB) calculated
hibit a range dependence. Either a faster fireball and measured exposures In the three to twenty
rise or a rise of the debris within the fireball would second time periods can be improved by lowering
reduce the discrepancy. However, photographic the source relative to the fireball center. Photo-
evidence (Ref.12) indicates that for a similar graphic evidence suggeststhat such as phenom-
shot, Upshot-Knothole CLIMAX, the debris re- anon does occur after the debris rises to the top
main in the fireball center through approxinmately of the fireball, which takes place at approximately
one second. This leaves the fireball rise rate as three seconds. Table 29 provides an estimate of
suspect. particularly for large yields, a suspicion the effect of lowering the source (but not the I ire-
which is supported by the same photographic evi- ball). Those data are based on those presented
dance. During the period from one to three sec- in Figures 46 through 58. As shown in the Table,
onds the calculation-measurement ratios for Shot H stands for high source, N for nominal and L for
the 11 Om SHOB shot still exhibit a discrepancy low. Intermediate locations are given as NG and
at close range through to a lesser extent than dur- NL and are simple averages, representing a mid-
Ing the prior period. The higher fireball caused point between the two cases for which calcula-
by an increased rise rate during the period to one lions have been performed. Note that raising the
second would probably account for most of the source for Shot Hood between one and three4 se-
discrepancy. iri addition photographic evidence conds reduces but does not eliminate the dis-
suggests that the source is rising relative to the crepancy, Indicating that a change in cloud
center of the fireball, location Is probably necessary also.
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Table 28. Delayed gamma ray model exposure calculation to
measurement ratios (nominal source locatinn)
for three NTh• shots.

Shot Time Range: 457 914 1372 1829 2286 2779 3261
Interval (i)

sec

SHOB: 110m 0 - 1 1.08 1.34 1.26 1.16 .97 .93 1.05

1 - 3 1.76 1.40 1.12 1.05 .87 .93 .91

3 - 10 * °74 .81 * .95 1.04 1.07

10 - 20 * .38 .44 * .61 .83 .83

0 - 20 * 1.18 1.01 * .90 .95 .99

SHOB: 73m 0 - 1 1.18 1.06 .89 1.00 1.02 .91 *

1 - 3 .82 .98 .88 .97 .88 .95 *

3 - 10 .46 .72 .77 .91 .85 .91 *

10 - 20 .47 .63 .68 .83 .74 .73 *

0 - 20 .84 .86 .83 .94 .88 .89 *

SHOB: 71m 0 - 1 .81 1.11 1.26 1.01 1.06 * *

3 .62 .91 .99 .88 .94 * *

3 - 10 .42 .63 .77 .74 .83 * *

10 - 20 .47 .40 .50 .58 .61 * *

0 - 20 .65 .82 .88 .81 .86 * *
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Table 29. Delayed gamm ray model exposure calculation to
ameaurment ratios (moving source location) for
three NTS shots.

Shot Tiae Source Rankle 457 914 1372 1289 2286 2779 3261
Interval Location (

SHOB: 110. 0 - 1 N 1.08 1.34 1.26 1.16 0.97 0.93 1.05

I - 3 N" 1.40 1.13 0.9 0.93 0.78 0.84 0.84

S3-10 M•S • .9 0.84 0.85 0.89 0.89

10 - 20 L • 1.10 0.90 * 0.76 o.8s 0.7S

0 -20 2 1.15 0.99 " 0.85 0.88 0.90

SHOB: 73m 0 - 1 N 1.18 !.06 0.89 1.00 1.02 0.91

1 - 3 N0.82 0.88 0.88 0.97 0.88 0.95

3 - 10 NL 0.67 0.74 0.72 0.82 0.75 0.79 *

10 - ?0 L 1.30 1.18 0.95 0.95 0.75 0.68

0 - 20 0.91 0.90 0.84 0.92 0.84 0.84

SH03: 71a 0- N 0.81 1.11 1.20 1.01 1.06 " 9

1 - 3 N 0.62 0.91 0." 0.8,8 0.94 " 0

3 - 10 Nt 0.62 0.65 0.72 0.67 0.73 * *

10 - 20 L 1.31 0.76 0.71 0.67 0.63 0

0 - 20 0.70 0.8S 0.89 0.80 0.83
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Lcwering the sources at late timps improves the ward flow at its center. This flow pattern produces
agreement between measurement and calcula- a torus, within which reside the debris. The radius
tion but, just as importantly, it reverses the nature of the torus depends on yield. Thus, the torus for
of the discrepancy as ;t vares with range, The the 1 1 Om SHOB shot attains a radius approxi-

r remaining discrepancy ca- be ac'Ourtled for to mateiy 325 meters by ten seconds. while those
a large extent on the ~s~s of the ri-iala sae for 71 and 73m SHCB shots are aciproximately
mnent of the source as :1 - CIp~onw, '16 -x e 2Z0ý meters in radius T-a low arw'ut the torus

oi the hteoall ind eýer-2a ' ýe,:-c'r-s rcl -ý an n *.( r r~rn 1r te
rated tin thq torus near ar-1:7ent .esi 1r suJCh condit ons the

radial displacement of tne debris causes an in-
I :4jAt times between five and ten seconds the cuter crease in exposure which increases with range,

surface of the roting fireball begins to cool, 'he In the case of the 11 Om SHOB shot that increase
vapors are subject to drag from the surroundling in terms of multilolicanve factors has been esti-
atmosphere. f he resulting downwamrd flow around mated using simple point-kernal calculation tech-
the outside of :he fireball is matched by an up- niques, as follows:

Radial Source Disclacement Correction Factor. 1 10 SHOB

Time Poriod Range: 914 1372 22~8 2779 3261

(sec) IM)

3-10 1 04 1 C'7 1.15 1.19 1.23

10-20 1 13 i1 17 1 25 1 30 1 35
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These factors have been applied to the 11 Om calibration energy (meas. .885) and for
SHOB shot source height-adjusted calculation- energy-dependence of film sensitivity (sensitive
measurement ratics and the results provided in films (exposure less than IOr) * .909. insensitive
Table 30. The data in Table 30 represent a defi- films (exposure greater than 10r) * .840).
nile improvement over the orwjinal calculation-
measurement ratios, incorporating nominal The calculated exposure values are generally 10

source location ',ta only, as found in Table 28. to 20% below the revised measured values. How-
ever, agreement is somewhat better in the first

OTHER MODEL COMPARISONS WITH 2000 meters thatr at greater ranges. Taking the

WEAPON TESTS. source location into account is likely to improve
the agroement. particularly at long ranges. How-
ever, for shorter ranges the effect is likely to be

There are other comparisons which can be made minimal given the high burst height.
with data from weapon tests in addition lo those
discussed pfevious;v. )wever, most involve to- In summary. comparisons of restlits of the b1't
tal exposure ratter than exposure rate. available model for delayed gamma ray calculs-

tion with results of gamma ray exposute rate
Total gamma ray exposure date are available for measurements made at atmospheric tests indi
device F. 22 Kt yield, air dropped and exoloded cate that the model has thort comings which are
at a height of 437m. Data are also av.itabte for me;ify due to incorrect hydrodynamic data or :n-
device D, 21 Kt yield, air dropped and exploded adequate modeling detail based on existing data.
at a height of 432m. Both devices were similar
to Fat Man in design and high explosive thickness. The hydrodynamic model used in tne ATh cods

suffers from deficiencies similar to those a:trib-
uted to the more sophisticated model. It does not

Calculated and measured (Refs. 38 and 37) gam- account for source motion relative to that of the
ma ray exposure intensities are provided for de- fireball, nor does it account for the effect of toris
vice F in Figures 59 and 60 and for device 0 in formation. However, as described in the body of
Figures 61 and 62. Each shot had two orthogonal this report, the properties of the cloud rise and
lines of film dosin.eter, one running west from blast model incorporated in ATR do allow !ucces-
the intended ground zero and one running south. sful scaling based on scaled burst height to obtain
The meesured values tsve been revised as rec- a reasonable value for the time-integral delayed
ommenotd by E_-emy Storm. LANL (Fef. 52). gamma ray dose, although the rate data may be
Those revisoins include corrections for betatron significantly in error at any giver' time.
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Table 30. Delayed gamma ray Lodel exposure calculation to
measurement raýios for the 110m SHEOB shot (moving
source with a4Jjustixerd. far Toru1 format ion.

Time Source
Interval Location Range: 457 914 1372 1829 2286 2779 3261

0 - I N 1.08 1.34 1.26 1.16 0.97 0.93 1.05

1 - 3 NH 1.40 1.13 0.95 0.93 0.78 0.84 0.84

3 - 10 ML * 0.99 0.90 * 0.98 1.06 1.09

10 - 20 1. * 1.24 1.05 * 0.95 1.11 1.01

0 - 20 * 1.16 1.02 .91 .97 1.00
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